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Abstract 
 
Skutterudites are among the most promising thermoelectric (TE) materials with an open crys-
talline structure typified by the presence of two voids, which can be filled with heavy rattling 
atoms acting as scatterers of the heat carrying phonons. The filler atoms modify the electronic 
structure, lower the thermal conductivity and therefore improve TE properties. Throughout this 
thesis, both p- and n-type high efficiency nanostructured filled skutterudites were fabricated by 
hot pressing from ball milled powders and by high ressure torsion. The investigations include: 
synthesis, optimisation of compositions, low dimension effects, nano grain stabilization, 
physical transport and mechanical properties.  
Experiments of mechanical milling of unfilled skutterudites have been performed under vari-
ous ball milling conditions in order to (a) optimise the preparation of nano-sized skutterudites 
(b) to elucidate formation and/or decomposition of skutterudites. State-of-the-art methods for 
evaluation of X-ray powder diffraction (XPD) data have been used to analyse the size distribu-
tion of the smallest crystallographically undisturbed regions and the dislocation density. 
TE behaviour was studied for nanostructured skutterudites (300<T<800 K) and was compared 
with data for micro structured skutterudites. The decrease of the crystallite size from micro-
scale (~50 m) to nano-scale (~250 nm) in all cases improves the figure of merit ZT by about 20 
%. In situ oxide (Mm2O3) precipitations successfully stabilize the nano grains with crystallite 
size below 300 nm after 600 hours of heat treatment at 600 °C. Oxide and MmSb2 reduce TE 
performance whilst FeSb2 and Sb in the current investigations have little effect on ZT. 
Although Mm multi-filling in MmyFe4-xCoxSb12 (x = 0 and 1, Mm is mischmetal) does not 
improve ZT in contrast to single-filled CeyFe4-xCoxSb12, a significant improvement of ZT is 
achieved for (Sr, Ba, Yb) triple-filled skutterudites due to suppression of electrical resistivity 
and lattice thermal conductivity, which originates from the various resonance frequencies and 
the atomic mass of the filler elements. Comparing the influence of single, double, triple, and 
quadruple filling in respect to TE properties for (Ca, Sr, Ba, Mm, Yb)yCo4Sb12, triple filling 
produced the highest ZT. Moreover, Yb-filling in multi-filled skutterudites displays better 
thermoelectric properties than Mm-filling and the ratio of alkaline earth to rare earth is also a 
critical prerequisite to achieve high a ZT. 
High pressure torsion (HPT) under 2 GPa for filled skutterudites results in a lamellar shaped 
nanograined structure and amorphous phase. The XPD evaluations reveal a crystallite size of 
about 47 nm and a dislocation density of 7.0×1014 m-2 for Ba0.06Co4Sb12. HPT reduces the 
thermal conductivity and washes out the magnetic phase transition. 
Mechanical properties were measured for a set of various Fe4Sb12- and Co4Sb12-based skut-
terudites filled by mischmetal or alkaline earths (Ca, Sr, Ba). A weak temperature influence on 
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the longitudinal modulus C11 was found. Nanostructured samples illustrate an obvious im-
provement of elastic properties in comparison with micro structured ones. Elastic moduli for 
Co4Sb12-based skutterudites are only slightly higher than for Fe4Sb12-based skutterudites, and 
the influence of various filler atoms or filling fractions on the elastic moduli is even smaller. 
Debye temperatures calculated from sound velocity measurements are comparable with the 
values obtained from the parameters fitted to thermal expansion. Vickers hardness is increased 
by Co or Ni substitution and demonstrates a linear dependence on density, Young’s modulus, 
and shear modulus. 
As an additional part of this thesis, ball milled and hot pressed CePd3 was prepared and com-
pared TE properties with that prepared from traditional heat treatment. The former has much 
smaller grain size and higher density than the latter, resulting in a higher thermopower and 
lower thermal conductivity at low temperature. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 - ii - 
Kurzfassung 
 
Skutterudite zählen zu den vielversprechendsten thermoelektrischen Materialien mit einer 
offenen kristallinen Struktur für die zwei Löcher typisch ist, die mit nur leicht gebundenenen 
und daher stark schwingenden Atomen gefüllt werden können als Streuzentren der Wärme 
tragenden Phononen. Die Fülleratome verändern die elektronische Struktur, verringern die 
thermische Leitfähigkeit und verbessern somit die thermoelektrischen Eigenschaften. In dieser 
Dissertation wurden hoch effiziente nanostrukturierte gefüllte Skutterudite vom p- und n- Typ 
hergestellt. Dazu wurden Pluver aus der Kugelmühle heiß gepresst oder unter hohem Druck 
einer Torsion unterzogen. Die Untersuchungen beinhalten: Synthese, Optimierung der 
Zusammensetzungen,  Effekte kleiner Teilchen, Stabilisation der Nanokörner, Transport- und 
mechanische Eigenschaften. 
Es wurden mechanische Mahlexperimente mit ungefüllten Skutteruditen unter verschiedenen 
Kugelmahlbedingungen durchgeführt, (a) um Skutterudite in Nanogröße herzustellen, (b) um 
die Formation und/oder den Zerfall von Skutteruditen aufzuklären. Es wurden „state of the art“ 
Methoden zur Evaluierung von Daten  aus Röntgenpulverstreuaufnahmen verwendet um die 
Größenverteilung der kleinsten  kristallographisch ungestörten Bereiche und die 
Versetzungsdichte zu analysieren. 
Das thermoelektrisches Verhalten nanostrukturierter Skutterudite (300 K < T < 800 K) wurde 
studiert und mit den Daten mikrostrukturierter Skutterudite verglichen. In allen Fälle 
verbesserte eine Abnahme der Kristallgröße vom Mikro-  (≈50 µm)  in den Nanobereich (≈250 
nm) die „Figure of Merit“ (ZT) um ungefähr 20%. Lokale Oxidausscheidungen (Mm2O3) 
stabilisieren mit Erfolg die Nanokörner mit Größen unter 300 nm auch nach 600 Stunden 
Wärmebehandlung bei 600° C. Oxide und MmSb2 reduzieren die thermoelektrische Leistung 
während FeSb2 und Sb wenig Einfluss auf das ZT haben. 
Obwohl Mm-Mehrfachfüllungen in MmyFe4-xCoxSb12 (x = 0 und 1, Mm steht für Mischmetall) 
im Vergleich zu einfach gefüllten Verbindungen CeyFe4-xCoxSb12 das ZT nicht verbessert, 
wurde eine bemerkenswerte Verbesserung des ZT für dreifach gefüllte (Sr, Ba, Yb) 
Skutterudite erreicht und zwar durch die Herabsetzung des elektrischen Widerstandes und der 
thermischen Gitterleitfähigkeit. Beide Effekte haben ihren Ursprung in den verschiedenen 
Resonanzfrequenzen und Atommassen der Füllerelemente. Vergleicht man den Einfluss von 
Einfach-, Doppel-, Dreifach- und Vierfachfüllung in Bezug auf die thermoelektrischen 
Eigenschaften von (Ca, Sr, Ba, Mm, Yb)yCo4Sb12, so erreicht man mit der Dreifachfüllung das 
höchste ZT. Darüber hinaus zeigte sich, dass in mehrfach gefüllten Skutteruditen eine Füllung 
mit Yb bessere thermoelektrische Eigenschaften hat als eine Füllung mit Mm und dass es 
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außerdem auf das Mengenverhältnis Erdalkalien zu seltenen Erden ankommt, um ein hohes ZT 
zu erreichen. 
Torsion unter hohem Druck (HPT) von 2 GPa erzeugt bei gefüllten Skutteruditen eine 
lamellenförmige Struktur von Nanokörnern neben Anteilen einer amorphe Phase. Die XPD-
Evaluierungen zeigen für Ba0.06Co4Sb12 eine Korngröße von ungefähr 47 nm und eine 
Versetzungsdichte von 7.0x1014 m-2. HPT reduziert die thermische Leitfähigkeit und verzerrt 
den magnetischen Phasenübergang. 
Für eine Reihe von verschiedenen Fe4Sb12- und Co4Sb12 – Skutteruditen gefüllt mit 
Mischmetall oder Erdalkalien (Ca, Sr, Ba) wurden mechanische Eigenschaften gemessen. Es 
wurde ein schwacher Temperatureinfluss auf den longitudinalen Koefficienten C11 gefunden. 
Im Vergleich zu mikrostrukturierten Proben zeigen nanostrukturierte eine sichtliche 
Verbesserung der elastischen Eigenschaften. Die elastischen Moduli für Skutterudite auf 
Co4Sb12 Basis sind nur ein wenig höher als die auf Fe4Sb12 Basis und der Einfluss von 
verschiedenen Fülleratomen oder Füllanteilen auf die elastischen Moduli ist noch geringer. 
Debye Temperaturen die aus Schallgeschwindigkeitsmessungen berechnet wurden sind in 
vergleichbarer Größe mit Werten die aus Fits an thermische Ausdehnungskurven gewonnen 
wurden. Die Vickers Härte wird höher wenn Co oder Ni teilweise das Eisen ersetzt und zeigt 
eine lineare Abhängigkeit von der Dichte, dem Young`s Modul und dem Schubmodul. 
Es wurde in Rahmen dieser Dissertation auch noch ein Vergleich der thermoelektrischen 
Eigenschaften von CePd3 durchgeführt und zwar wurde die Verbindung einerseits durch 
Mahlen in der Kugelmühle und Heisspressen hergestellt und andrerseits auf traditionelle Art 
durch Schmelzen und Wärmebehandlung. Dadurch dass Erstere aus viel kleineren Körnern 
besteht und eine größere Dichte hat ergibt sich bei niedrigen Temperaturen ein höherer 
Seebeck Effekt und eine geringere thermische Leitfähigkeit. 
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 1 Introduction 
 
The growth of global population and the concomitant increase in energy consumption intensi-
fies the energy crisis. As a side effect, burning of fossil fuels leads to a climate crisis (global 
warming). However, large amounts of energy are wasted due to low utilization. Therefore, the 
recover the waste energy is a global issue in energy saving. 
Thermoelectric (TE) devices, built from TE material legs, provide (i) useful service as power 
generators (Seebeck effect, details see below) utilizing waste heat to generate electricity and 
(ii) environment-friendly refrigerators (Peltier effect, details see below) without refrigerants. In 
addition, TEs are solid state devices without moving parts, which have the advantage of being 
noise-free, of low weight, of low volume, and of special geometry for certain requirements, for 
example, the requirement of small scales in microwatt where other methods are difficult to 
control. Despite all these merits, however, the TE applications are limited due to relative inef-
ficiency comparing to other commercial devices e.g., solar energy devices and conventional 
refrigerators based on compressors. TE generators (TEGs) mostly are seen in special places 
where access is difficult like undersea or geographically remote locations, where the environ-
ment is extreme, or reliability is mandatory. In NASA space projects, radioisotope TEGs (Fig. 
1.1) were employed based on the decaying of radioactive plutonium (238Pu) to yield a tempera-
ture gradient and heat flow (~1300 K at the hot side), which is turned into electrical energy by 
thermocouples [1997NASA]. Owing to the advantage that TE devices convert heat into elec-
tric current directly, which provides the possibility of fuel-free power generation such as 
wasted heat recovery, the applications of such green-tech devices in vehicle exhaust heat re-
covery is becoming a reality (Fig. 1.2) [2008BMW]. 
On the other hand, as a heater or a cooler, TE devices are used for chair heaters, portable re-
frigerators, in IC chip cooling, etc. The most successful applications of TE materials are ther-
mocouples, which are used in temperature measurement to provide temperature control in al-
most all industrial facilities.  
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Fig. 1.1 Sectional view of Radioisotope TEG as a power supplier for the Cassini probe (NASA) 
launched in 1997 [1997NASA]. 
 
 
Fig. 1.2 BMW 530i freedom car with a thermoelectric generator and radiator [2008BMW]. 
 
As one of the most important new-energy-materials, TE materials now attract worldwide atten-
tion. Some typical examples are (i) the ‘FreedomCar’ program of the US Department of En-
ergy which intends to improve overall fuel economy by 10% and aims to reach production in 
the 2011-2014 timeframe [2009Vin83], (ii) in 2006, the US Department of Energy’s Office of 
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 Basic Energy Sciences supports research to improve TEs efficiency as part of their solar en-
ergy project, the idea of which is to concentrate solar energy to create heat that a TEG turns 
into electricity [2005Lew], (iii) NEDO Japan sponsored for long time investigations of high 
efficiency TEG’s for waste heat recovery. A project with the target to achieve 15% TEs effi-
ciency was started in 2007 [2009Vin83]. 
 
1.1 The Thermoelectric Effects 
 
The thermoelectric effect was discovered by Thomas Johann Seebeck in 1821 [1821See289, 
1823See265]. He found that a circuit made of two different materials (Bi-Cu and Bi-Te) gen-
erated a voltage potential when there was a temperature difference between the junctions of the 
two materials, which is called Seebeck effect. The voltage difference is called Seebeck volt-
age, which is proportional to the temperature difference between the two junctions. The pro-
portionality constant is called the Seebeck coefficient (S), thermoelectric power, or ther-
mopower, which can be expressed by the formula: 
S = 
ch TT
V
−   (1.1) 
with V the voltage potential, and Th and Tc the temperature of hot and cold side respectively. 
The sign of S (positive or negative) depends on the direction of voltage potential. S is positive 
when electricity is carried by positive charges (holes) and this material is called p-type. In-
versely, S is negative when electricity is carried by negative charges (electrons) and this mate-
rial is called n-type. The Seebeck voltage does not depend on the distribution of temperature 
along the metals between the junctions. The thermocouple mentioned before is physically 
based on this effect. Fig. 1.3 demonstrates the application of Seebeck effect with the simplest 
TE device that contains TE couples consisting of two different electrically conducting materi-
als: p-type and n-type [2009Web1]. 
A decade year later (in 1834) after the Seebeck effect was discovered, a French scientist, Jean 
Charles Athanase Peltier observed an opposite effect [1834Pel371]: when current is forced 
through the junctions of two different metals, one of the junctions will be hot and the other one 
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 will be cool and switching the direction of current changes the heating and cooling site. This 
effect is known as the Peltier effect shown by formula: 
Q = π I  (1.2) 
where π is Peltier coefficient, Q is the heat, and I is the current. The simple application of 
Peltier effect is demonstrated in Fig. 1.4 [2009Web1]. 
  
 
Fig. 1.3 A TE module used to convert heat into electricity (Seebeck effect) to power an electric 
fan [2009Web1] 
 
In 1851, Thomson established a relationship between Seebeck and Peltier coefficients and 
predicted the existence of a third TE effect, the Thomson effect, which he observed experi-
mentally [1851Tho91]. It depicts the heating or cooling in a single homogeneous conductor 
with a temperature gradient when a current passes along. The absolute temperature T, the 
Peltier coefficient π and the Seebeck coefficient S is related by the first Thomson relation: 
π = ST                (1.3) 
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Fig. 1.4 A TE module used to convert electricity into heat (Peltier effect). The applied current 
passes through creating the thermal gradient and at the cold side a glass of water is frozen 
[2009Web1] 
 
1.2 The Efficiency of Thermoelectric Junctions 
 
Although TEs have shown attractive applications discussed above, TE devices are restricted 
from broad use due to low efficiency of the TE materials, which is defined by Altenkirch in 
1909 and 1911 [1909Alt560, 1911Alt920] known as Figure of Merit 
Z = ρκ
2S
,   (1.4) 
where S is the Seebeck coefficient (thermopower), ρ is the electrical resistivity, κ is the ther-
mal conductivity containing the electronic part κe and the lattice part κl. For a normal ap-
proximation with the Wiedemann-Franz law, κe = L0T/ρ (assuming a temperature independent 
Lorenz number L0 = 2.45 × 10-8 V2/K2) and κl = κ − κe. The unit of Z is T-1. A dimensionless 
figure of merit ZT is always used:  
ZT = ρκ
2S
T   (1.5) 
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 Since a larger ZT means a higher efficiency of the TE module, design of a TE material with 
high efficiency should satisfy three requirements: large S to ensure the TE voltage, low ρ to 
provide enough charge carriers to ensure good electrical current and low κ to ensure a thermal 
gradient so as to yield a thermoelectric effect. In practice, however, the situation is not so 
ideal. For instance, too low ρ in turn results in high κe and finally induces a high κ; and in 
another way, may reduce S due to too high carrier concentrations. Therefore, it is important to 
select a material with an appropriate electronic structure to achieve high ZT (see the discussion 
in Chapter 1.3). 
The conversion efficiency of a TE module composed by p- and n-type legs is approximated by 
[2006Row9]: 
h
c
m
m
C
T
TZT
ZT
++
−+=
1
11ηη   (1.6) 
where 
H
CH
C T
TT −=η is Carnot efficiency, ZTm is ZT at the average temperature T=(Th+Tc)/2, 
Th and Tc is the temperature at the hot side and cold side, respectively. In power generation, 
ZT > 2 at ~800 °C is comparable to solar energy systems, which is attractive for waste heat 
recovery in industry. ZT > 2 at ~500 °C is attractive for waste heat recovery in car exhaust 
systems. In cooling/heating application, ZT > 3 is required for competition of TE-designs with 
compressor based refrigerators. Fig. 1.5 shows ZT values for various TE materials as a func-
tion of temperature. 
 - 6 - 
  
Fig. 1.5 Temperature dependent ZT for various materials [2007Yan]. 
 
1.3 The optimization of TE performance 
 
As mentioned above ρ, S, and κe are not independent from each other. In order to clarify their 
correlations, the electrical transport parameters for skutterudites were given as an example. 
With the assumptions that (i) the electrical transport follows the Boltzmann equation, (ii) of a 
single parabolic band, and (iii) the relaxation time is given by τ = τ0Er (the energy E is meas-
ured from the edge of the valence band, τ0 is a constant, and the scattering exponent r is used 
to parameterize the dominant scattering mechanism experienced by electrons or holes. Typi-
cally a value of r = -1/2 is used for scattering by acoustic phonons, and r = 3/2 for scattering by 
ionized impurities). The transport coefficients can be expressed in terms of the integrals Ks 
[1969Fis, 1986Gol29, 1997Sal15081]:  
1/ρ = σ = e2K0/T,                       (1.7) 
S = 
eT
KKkTE
F 01
// −± ,                       (1.8) 
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 κe = 2 0
2
12 /
T
KKK −
,                       (1.9) 
where  
Ks = (8π/3)(2/h2)3/2(m*)1/2Tτ0(s+r+3/2)(kBT)s+r+3/2Fs+r+1/2,             (1.10) 
and the Fermi-Dirac integrals Fn are given by 
∫∞=
0
0 )()/( dxxfxTkEF
n
BFn ,                       (1.11) 
with 
TkEx B/= ,                        (1.12) 
and 
)/(0 1
1)( TkEx BFe
xf −+= .                       (1.13) 
It can be seen directly that S, ρ, and κe are all correlated to the Fermi energy (EF) and the effec-
tive mass (m*), which is strongly dependent on the carrier concentration (n) and the density of 
states (DOS).  
EF, m*, n, and DOS can be adjusted in skutterudites by doping or substitution which may sig-
nificantly enlarge S2/ρ at a small increase in κe. Although a proper adjustment (element and 
quantity) is complicated due to the simultaneous changes of ρ, S, and κe, lots of exciting re-
sults were achieved for increase of S and decrease of ρ by external doping or substitution. For 
instance, Te substitutes for Sb in CoSb3 to increase electron concentration and to change band 
structure [1998Nag302]; SbI3 doped CsBi4Te6 increases the power factor [2000Chu1024]; 
thallium impurities in lead telluride (PbTe) shift EF into the increased DOS area [2008Her554]. 
Another similar example is the intermediate valence compound CePd3: due to the interaction 
of 4f electron with the conduction electrons (Kondo effect), a sharp peak appears in the DOS at 
the Fermi level (EF) resulting in an abnormally high Seebeck coefficient at low temperature 
(~120 K). 
Besides the electrical transport parts, another way to improve ZT is to reduce lattice thermal 
conductivity κl which has the formula [1968Kit186]: 
κl = psv lvC3
1
  (1.14) 
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 where Cv is the heat capacity per unit volume, vs is an average velocity of sound, and lp is the 
mean free path of the heat-carrying phonons. In order to suppress the thermal conductivity, 
reduction of the velocity of sound and limiting the mean free path is as important as selecting 
proper materials with low heat capacity. There are many ways to realize these aims. Firstly, 
use compounds with complex structures and elements with heavy atomic weight to enhance 
the phonon scattering and reduce the frequency of vibration. Secondly, introduce lattice distor-
tion or second phase dispersion, which enhances the scattering of low-frequency phonons hav-
ing a long free path. Thirdly, some special structures contain cages with loosely bonded atoms 
inside known as rattlers to enhance phonon scattering. Fourthly, introduce point defects by 
substitution for some atoms in the host framework. Fifthly, produce a polycrystalline nano 
structure to reduce thermal conductivity but maintain a good power factor: the point is that the 
heat carried by lattice vibrations known as phonons have longer mean free paths than the elec-
trons that carry electricity.  
 
  
Fig. 1.6 Schematic crystal structure of binary skutterudite. The biggest solid (yellow) circles 
present the voids, the transition metals (the smallest blue solid circles) center ? ctahedral and 
six pnicogen rings are displayed. 
 
1.4 Skutterudite thermoelectric materials 
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 The name of skutterudite comes from a naturally occurring mineral with CoAs3 structure, 
which was firstly discovered in Skutterud (Norway). The general formula of skutterudites is 
TPn3, where T is a transition metal and Pn is a pnicogen atom. It is a cubic structure that con-
tains 32 atoms with space group Im3 , where the transition metals occupy the 8c-sites (¼, ¼, 
¼), the pnicogen atoms occupy the 24g-sites (0, y, z), and the most important point is that 
there are two voids in the unit cell in the 2a-sites (0,0,0) or (½, ½, ½), which can be filled by 
filler atoms with an ionic radius lower than the cage radius acting as “rattlers” to enhance pho-
non scattering. This generates a so-called filled skutterudite with formula RT4Pn12, where R is 
electropositive element like rare earth, alkaline earth, or Indium etc. Fig. 1.6 depicts such a 
structure: the voids inside, the transition metal centered ? ctahedral, and the rectangular pnico-
gen rings. 
Early investigations on unfilled skutterudites can be tracked back to the 1950s when Dudkin et 
al. [1956Dud2096, 1957Dud212] found that these materials have high thermopower but ex-
hibit high thermal conductivity. In 1977 La-filled [1977Jei3401] and in 1991 [1991Ste140] Ba-
filled skutterudites were synthesized. However, it has not become popular until Slack 
[1995Sla407] proposed the concept of “phonon-glass electron-crystal” (PGEC); and followed 
by a canonical realized example, CeFe4Sb12 [1995Mor3777], which reduced the thermal con-
ductivity dramatically comparing to unfilled skutterudites. PGEC describes an ideal thermoe-
lectric material that should conduct heat like a glass but behaves like a good crystal for the 
electronic properties. Filled skutterudites realize the PGEC-concept through the following 
strategies: a semiconductor-like behavior may lead to large S and low ρ; in addition, the 
loosely bound filler atoms in the skutterudite cages act as oscillators and thereby reduce the 
phononic heat transport, κl. From then on, filled skutterudites with heavy atom mass and high 
carrier concentration, as one of the most promising thermoelectric materials were investigated 
broadly from theory to experiment with exciting results [1996Sal1325, 1998Kep876, 
2000Kit185, 2001Nol, 2001Uhe139, 2002Gry836, 2005Lu106107, 2005Ber033710, 
2006Row34, 2008Sch094421, 2008Koz805, 2008Sny105]. Not only rare earths and alkaline 
earths but also In [2006He759, 2009Wan841, 2009Zha3713], Sn [2000Nol52, 2008God403, 
2007Mal233], and Tl [2000Sal2475, 2007Gho096002] atoms can act as “rattlers” to reduce 
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 thermal conductivity as well as to maintain low electrical resistivity and hence realize the 
PGEC concept. However, it is notable that the phonon structure itself is not literally glass-like 
but that the rattlers decrease the effective phonon speed instead of reducing the phonon mean 
free path [2008Vin765, 2008Koz805]. 
Since even a small amount of filling fraction significantly reduces the thermal conductivity 
[1997Uhe478, 1998Nol164], it is interesting to enhance the impact of rattlers through filling 
the skutterudite structure with several different elements, which have various ionic radii, mass 
and atom vibration frequencies. Higher TE performances therefore are recently achieved in 
multi-filled skutterudites [1998Row323, 2005He1, 2005Lu106107, 2006Bai145, 2007Pei621, 
2007Yan192111, 2007Zha113708, 2008God403, 2008Shi182101, 2008Uhe1044, 
2009Li102114, 2009Li105408, 2009Rog1, 2009Rog2]. These investigations proved the strate-
gies to (i) reduce the lattice thermal conductivity via enhanced phonon scattering by complex 
atom filling and to (ii) reduce electrical resistivity through additional doping. The results of 
double filled skutterudites show that higher ZT values are reached not only because of the 
lower thermal conductivity but also due to improvement of the power factor. It is notable that 
different resonance frequencies (resonant phonon scattering frequencies) or different atomic 
mass is a requisite for effective multi-filling to enhance ZT. 
For the three pnicogen elements P, As, and Sb used in skutterudite, Sb has the smallest elec-
tronegativity with respect to transition metals (T) Fe, Co, or Ni and hence TSb3 has high car-
rier mobility, leading to the best electron crystal properties. Moreover, the void radius of these 
antimonides CoSb3 (1.892 Å) for example, is bigger than CoAs3 (1.825 Å) and CoP3 (1.763 Å) 
[1999Nol89] and consequently broadens the range of selectable filler elements. The range for 
candidate filler elements is decided by the ratio of ionic radius (Irad) and void radius (Vrad) 
[2005Sta41]: 
0.67 ≤ Irad / Vrad ≤ 1. 
Trivalent Ce, as an example, has a ratio 0.678, barely fitting in the edge condition. In order to 
increase the filling fraction, it is necessary to introduce cation deficient polyanions, which 
compensate the electrons introduced by filler atoms. For example, theoretically, the maximum 
Ce filling fraction is 1.0 in CeFe4Sb12 whilst it is only 0.1 for the minimum value in 
Ce0.1Co4Sb12 [2001Uhe139]. In addition, substitution of T in RyT4Sb12 by other transition met-
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 als i.e., Co or Ni substituting for Fe, reduces the thermal conductivity, maintains power factor 
and consequently enhances ZT [1996Sal1325, 1996Bor112, 1996Fle91, 1998Cha761, 
2006Pen7, 2007Kim2446, 2008Mi225]. 
 
1.5 Intermediate valence CePd3 
 
Among rare earth intermetallics, intermediate valence (IV) compounds are a specific subset 
because of the non-integral occupation number of the 4f shell. One of the most intense studied 
compounds of this family is binary CePd3, because of a variety of remarkable physical proper-
ties such as thermopower, electrical resistivity, magnetic susceptibility, and specific heat, 
which are related to a large Kondo temperature TK ~ 240 K [1973Gam506, 1979Sco1895, 
1981sch193, 1983Bes597, 1985Law2537, 1987Jac572, 1996Mah58, 1997Man42, 1999Iji1283, 
2006Lac835]. CePd3 crystallizes in the cubic AuCu3 structure. The valence of Ce at room tem-
perature is about 3.45 [1979Sco1895]. CePd3 exhibits one of the largest Seebeck coefficients 
in Ce-based intermetallic compounds, reaching S ~ 120 µV/K for 100< T< 200 K 
[1999Pro663]; this might be useful for thermoelectric (TE) cooling applications. 
 
Fig. 1.7 Crystal structure of CePd3. Big spheres (yellow) and small spheres (blue) present Ce 
in 1a site and Pd in 3c sites, respectively. 
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1.6 Nanostructured materials 
 
As mentioned in Chapter 1.3, nanostructuring is a prominent way to improve TE performance 
especially to reduce lattice thermal conductivity. The insights are that nanostructured materials 
dramatically increase the density of grain boundaries and imperfections like dislocations that 
scatter phonons. Additionally, grain boundaries scatter long mean free path phonons rather 
than electrons [1980Row347, 1997Mah81, 2006Bha1]. Therefore much larger reduction is 
expected in κ than in electrical conductivity, which is proved experimentally [2003Ber93, 
2004Top1189, 2004Yan114, 2005Yu5763, 2006Zha052111, 2007He053713, 2007Dre1043, 
2007Liu566, 2007Mi16, 2008Pou634]. On the other hand, the densification of nanostructured 
bulks is higher than for microstructured material resulting in a lower electrical resistivity 
[2008Pou634]. In some cases, the power factor (S2/ρ) is improved via higher Seebeck coeffi-
cients [2005Yu5763, 2006Zha52111, 2007Dre1043].  
Since skutterudite TE devices work in the temperature range of 300-800 K, the investigations 
for proper preparation and stabilization techniques for nanostructured skutterudites are signifi-
cant. From this point of view, powder metallurgy is the best way to produce nanostructured 
skutterudites. Particularly ball milling (mechanical milling) is a cheap, simple and an industrial 
way to prepare amorphous phases and nano-sized materials with crystal imperfections 
[2001Sur1, 2004Zha537, 1996Abd725]. In order to get bulk skutterudites an additional com-
pacting step is necessary, which always is hot pressing. Comparing to normal heat treatment or 
hand milled (HM) and hot pressed (HP) samples, ball milled and hot pressed (BM+HP) sam-
ples not only have small grain size but also high densification, which in many cases improve 
material performances e.g. mechanical properties. 
Ball milling is a complex process and therefore involves the optimization of milling parame-
ters to get the proper microstructure. The key parameters are [2001Sur1]: milling speed, mill-
ing time, ball to powder weight ratio (BPR), process control agent, size distribution of the balls, 
extent of filling vial, type of mill, and ingredient of milling container. These parameters are 
somehow dependent on each other, e.g. the milling time is determined by milling speed, BPR, 
balls, etc.  
 - 13 - 
 One of the other useful plastic deformation methods to produce nanosized materials is high 
pressure torsion (HPT) [1986Smi1170, 2004Zeh329, 2006Val33, 2007Sch139, 2009Zeh]. 
Whilst the BM+HP technique needs two steps to form bulk materials, HPT produces nanos-
tructured materials from bulk to bulk directly. However, it is difficult to produce big bulks. In 
the HPT process, the specimen is subjected to a torsional strain under high hydrostatic pressure, 
resulting in grain refinement and introduces large amounts of imperfections. In order to pre-
vent the loaded material flowing out under high pressure, cavities are normally made in each 
of the two anvil supports.  
Besides the production of nanograined materials, the long-term stabilization of nano grains at 
high temperature is necessary in applications. One of the ways to realize the stabilization is to 
introduce precipitation with brittle nano particles on the basis of the so called “orientation pin-
ning” hypothesis [1997Doh219, 1995Jen119]: recrystallization of grain growth in a severely 
deformed material meets many regions of different orientation, some of which are pinned by 
precipitated particles and therefore have lower mobility and growing rate. Additionally, the 
scattering of precipitations is much stronger on phonons than on charge carriers [2004Hua181], 
and consequently reduces thermal conductivity. However, because for precipitations mainly 
oxides are used, it is notable that the densification may be impeded by the grain size and shape 
of the oxide, originated from the back stress against the sintering stress [1997Nak401]. This 
effect becomes more remarkable with higher oxide content. The low density will in turn affect 
electrical resistivity and thermal conductivity. 
 
1.7 Mechanical properties 
 
For TE application, mechanical properties are as important as TE properties. A long-term reli-
able TE device is expected to exhibit a minimal strength in order to resist external bending or 
shaking forces, etc. without crack formation or crack propagation. Therefore, elastic properties 
play an important part in providing valuable information on the elasticity and mechanical sta-
bility of a solid as well as on the binding characteristic between adjacent atomic planes, the 
usually anisotropic character of binding and structural stability.  
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 Two basic types of waves in an isotropic polycrystalline solid is normally described by longi-
tudinal and shear waves governed by longitudinal modulus (C11) and shear modulus (C44) re-
spectively. Time-of-flight (TOF) or Pulse-echo [1980Led305] and resonant ultrasound spec-
troscopy (RUS) [2004Zad154, 2005Mig121301] methods are two of the most important tech-
niques for these two elastic moduli (constants) measurements. The TOF method measures the 
sound velocity: transit time of a sound pulse along the specimen, from which the elastic duli 
are calculated. The disadvantage of this method is that for measuring various elastic constants 
one needs differently oriented transducers (with respect to crystal axes). It also requires a sam-
ple of macroscopic dimensions to meet the condition that wavelengths are short compared to 
the dimensions of the sample. RUS uses the natural resonance of objects and is sensitive to the 
elastic constants and detects the true thermodynamic dissipation [2005Mig121301]. With 
modern computers, the elastic moduli can be rapidly extracted from the frequency spectrum. In 
cubic systems, all the other moduli i.e. Young’s modulus E, bulk modulus B, and Poisson’s 
ratio ν can be computed from C11 and C44. 
The engineering stress–strain deformation determines the plastic behaviour and ductile fracture 
limits of a material under crushing loads. It is a useful parameter to predict how much external 
load can be carried in such material during assembling a TE device. 
Hardness is a characteristic of a solid to resist the permanent external deformation. Vickers 
hardness, developed in 1924 by Smith and Sandland at Vickers Company, is easier to perform 
than other hardness tests because the indenter can be applied for various materials measure-
ments. Although the hardness test is to measure the ability of a material to resist plastic defor-
mation, it is proportional to elastic moduli as well [2001Hai1, 1998Che614, 2005Cac269, 
2008Chu261904]. 
 
1.8 Progress beyond the state-of-the-art 
 
The state-of-the-art p- and n-type skutterudites are CeFe3CoSb12 ((ZT)max = 1) [1996Fle91] and 
Ba0.08Yb0.09Co4Sb12 ((ZT)max = 1.36) [2008Shi182101], respectively. Ball milling and hot 
pressing is the most popular technique for its advantage in producing nanograined skutteru-
dites.  
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 The major parts of the present thesis are to develop novel nanograined skutterudites with low 
cost used as power generator in a medium temperature range (300<T<800 K) for heat recovery 
in car exhaust and waste burning. The strategies were as follows: 
(1) To study the ball milling processes in order to get proper conditions to produce 
nanograined single-phase skutterudites. In this part, formation and decomposition of 
unfilled CoSb3 are investigated and the ball milling conditions for decomposition are 
found. These optimised conditions will be adopted in skutterudites and be referenced 
in CePd3 for the nanostructuring processes. 
(2) To synthesize single-phase filled skutterudites with traditional heat treatment methods. 
This is a fundamental experiment for producing nanograined skutterudites and 
multi−filled skutterudites. In this part, mischmetal (Mm), a naturally mixed rare earth 
(51Ce-28La-16Nd-5Pr) at a cheaper price than single rare earth Ce, will be used to 
form multi−filled p-type skutterudites, despite the resonance frequencies of Ce, La, Nd, 
and Pr are close to each other. 
(3) To produce nanograined p-type Mm-filled skutterudites and compare the TE proper-
ties with micrograined counterparts as well as to stabilize nano grains under high tem-
perature for long time by in situ oxide precipitation. In a successful stabilization of 
nano grains and with the positive effect of nano grains on TE properties, nanostruc-
tured n-type (Sr, Ba, Yb)-filled skutterudites are fabricated with single, double, and 
triple filling and the multi−filling mechanisms in improving TE performances are in-
vestigated. In order to study filling effects, n-type skutterudites are extended to higher 
filling levels by adding Ca and using Mm instead of Yb. 
(4) As a useful severe plastic deformation technique, the influence of high-pressure tor-
sion on TE and magnetic properties at low temperature (T<300 K) are investigated. In 
this case, Pr- rather than Mm-filled skutterudites are investigated because the rare 
earth mixture of Mm makes it difficult to analyze the low temperature physical proper-
ties. 
(5) To evaluate some general aspects including crystallite size and imperfections (disloca-
tions) from BM, BM+HP, and HPT through X-ray powder diffraction; as well as the 
influences of secondary phases on TE properties; 
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 (6) To evaluate the elastic properties through ultrasonic measurements (pulse echo and 
resonance ultrasonic spectroscopy) and compare the Debye temperatures obtained 
from various methods; to study the plasticity from compression test and Vickers hard-
ness.  
Since the nanostructured skutterudites enhance the TE performances, it is interesting to inves-
tigate the grain size and densification influence on physical properties of intermediate valent 
CePd3 at low temperature (T<300 K), which becomes another part of this thesis.  
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 2 Experimental Methods 
 
2.1 Synthesis and nanograined techniques 
 
The influence of grain size on TE properties was investigated on micro-grained and nano-
grained skutterudites. The synthesis of skutterudites included several steps in preparation as 
shown in the flowchart below (Fig. 2.1). Ball milled (BM) and hot pressed (HP) samples as 
well as the samples subjected to high pressure torsion (HPT) are nano-grained, whilst the hand 
milled (HM) HP samples are micro-grained. 
 
 
Fig 2.1 Flowchart of sample preparations and characterizations. 
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 Details of synthesis processes for various precursors are given in the corresponding chapters. 
Common to all is the final step: the master alloys are melted at 980 °C for 2 hours followed by 
air-cooling. The precursor contains skutterudite as a major phase, antimony and/or antimonides 
as the secondary phases. “Hand milled” in Fig. 2.1 means the precursor was ground by hand in 
a tungsten carbide mortar down to a grain size of 40-100 µm. 
Ball milling was performed in a Fritsch "pulverisette 4" vario-planetary mill system. The 
bowls and the balls are made of tungsten carbide. In the planetary system, the rotational speeds 
of grinding bowls and main disk (supporting disc) can be adjusted independently (Fig. 2.2). 
This means the rotation speed of the main disk Rs can be defined at will and the rotation speed 
of the containing bowl is controlled by the planetary ratio PR= 
diskmain  of speed
container of speed
. By vary-
ing PR it is possible to control the movements and trajectories of the grinding balls so that the 
balls strike the inner wall of the bowl vertically (Fig. 2.2), approach each other tangentially 
(high friction) or just roll along the inner wall of the bowl (centrifugal mills) [2007Manu]. 
Ball milling conditions optimised throughout this work are: main disk rotation speed Rs = 200 
rpm, planetary ratio PR= -2.5, ball to powder ratio BPR = 20, process control agent PCA = Ar, 
and size of the balls ∅b = 10 mm. For a detailed description of the optimisation of ball milling 
parameters see Chapter 3.1. 
 
    
Fig. 2.2 Sketch of a rotation of grinding bowls for a standard planetary ball mill (left), and of 
the ball motion inside the planetary ball mills (right) [2007Manu]. 
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 Hot pressing is a very useful technique to compact powders into bulk. Fig. 2.3 shows the hot 
press system (and a the schematic drawing) employed for densification of all compounds in the 
current thesis: “HP W 200/250-2200-200-KS” from “FCT Systeme GmbH”. The furnace is 
built of high-density graphite. The heating temperature and the force can reach 2200 °C and 
140 kN respectively. Vacuum, Ar, and N2 can be used as sintering atmosphere. For hot press-
ing, the hand-milled or ball-milled powder was loaded into a graphite die of diameter 10 mm. 
The optimised hot pressing conditions are: T=600 °C and 56 MPa. The moderate temperature 
is necessary for removing secondary phases and di-antimonides existing in the precursors to 
get a single phase skutterudite. Too high temperature results in Sb evaporation whilst too low 
temperature results in incomplete reaction and higher porosity (see Chapter 3.1).  
 
Fig. 2.3 The outer photo a), and the schematic drawing for hot press working system b) 
[2006FCT]. 
 
Besides ball milling and hot pressing, high pressure torsion (HPT) was used as an alternative 
to produce ultrafine-grained bulk material (Fig. 2.4). The samples were enclosed in a Cu ring 
and located in the cavity on anvil support to prevent the material to flow out under high pres-
sure. During torsion, the specimen is subjected to torsional straining under a high hydrostatic 
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 pressure (2 GPa or 5 GPa in my work) for 1 full turn. After hot pressing or HPT, the samples 
were cut into cuboids or disks for characterization of physical properties. 
 
 
Fig. 2.4 High pressure torsion apparatus. 
 
2.2 X-ray powder diffraction 
 
X-ray powder diffraction (XPD) is used not only for structure analysis to identify phases and 
their amounts in a specimen, but also to study defects, microstress, and particle size, which are 
correlated to position, intensity, and shape of the diffraction peaks.  
 
2.2.1 X-ray powder diffractometry with imaging plate Guinier camera 
 
For all X-ray powder investigations monochromatized CuKalpha1 radiation (λ=0.154051 nm) 
was used in a Huber G670 Guinier equipment. A top view of the X-ray beam path is displayed 
in Fig. 2.5. 
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Fig. 2.5 Conceptional diagram of X-ray beam path for Huber G670 Guinier monochromatic 
camera. 
 
The image storage foil is positioned inside the Guinier camera with the sensitive side facing 
inward precisely on the focal circle with a radius of 90 mm. The image plate contains a flexi-
ble mounting foil made of polyester, coated with a homogenous powder consisting of crystal-
lites of a luminescent storage material (BaFBr:Eu2+) [2009Hub]. 
The powder of a polycrystalline specimen has crystalline particles in all orientations. Thus, the 
diffracted rays make angles of 2θ (θ are the Bragg angles). With d being distance between the 
atomic planes, the path difference between the reflected rays is 2dsinθ, where θ is the angle 
between the incident ray and the scattering planes. The interference is constructive when the 
path difference is an integral number of wavelengths. This conditions is expressed by Bragg's 
law: 2dsinθ = nλ. The Bragg angles 2θ were recorded in the range from 8° to 100°. 
 
2.2.2 Determination of Lattice Parameters 
 
In order to correct a shift in recording the 2θ values caused by various influences like sample 
displacement etc., a standard material with well-defined lattice parameters is employed such as 
Si or Ge. The selection should ensure that the peaks of the standard and the sample do not 
overlap and the strongest reflection intensity of the sample and standard should be as close as 
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 possible. Lattice parameters were calculated by least squares fits to the indexed 2θ values us-
ing Ge as internal standard (aGe = 0.565791 nm) with the program MENU. 
 
2.2.3 Rietveld refinements for crystal structure and occupancy in filled skutterudites 
 
The Rietveld method, developed by H. M. Rietveld [1967Rie151, 1969Rie65], is used for the 
refinement of the crystal structure from powder patterns collected as a function of 2θ. During 
Rietveld refinement, the measured data are fitted to theoretical data from a calculation with 
structure-, profile- and instrument-related parameters. The least squares fitting uses the quan-
tity called global residual Sy. 
∑ −=
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where wi = 1/yoi, yOi and yCi are the observed (measured) and calculated intensity at the ith point 
of the spectrum, respectively, and 
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s is the scale factor, K is the Miller indices for a Bragg reflection (hkl), LK contains the polari-
zation, Lorentz, and multiplicity factors, FK is the structure factor of K, Φ is the reflection pro-
file function, PK is the preferred orientation function, A is an absorption factor, Sr is the factor 
for surface roughness, E is the extinction coefficient, and yBi is the background intensity at the 
ith point. 
The structural model used in refinement contains space group, lattice parameter, atomic posi-
tions, peak shape parameters, and temperature factor, and so on. The improvement of the re-
finement for each cycle to judge structural model fitting is determined by the so-called R-
values, including Bragg contributions (RB) and structure R-values (RF):  
∑
∑ −
=
h
hobs
h
hcalhobs
B I
II
R
''
''
,
,,
   (2.3) 
∑
∑ −
=
h
hobs
h
hcalhobs
F F
FF
R
''
''
,
,,
   (2.4) 
 - 23 - 
 here ‘Iobs,h’ is the intensity obtained from program allocation calculated from observed inten-
sity according to the Rietveld model at reflection h, and the same meaning for the structure 
factor ‘Fobs,h’. 
For a detailed description of Rietveld refinements with the FULLPROF program (Win 
PLOTR) see [1993Rod55, 1995You, 2001Roi118]. 
 
2.4 Crystalline size and dislocation density analysis 
 
Two routes were used to evaluate the size of the smallest crystallographic undisturbed region 
(crystallite size), which is also called ‘coherent-scattering-domain (CSD)’. The program 
‘SYSSIZE’ [2007Hua] allows to calculate the crystallite size from the full width at half-
maximum (FWHM) of a single X-ray diffraction peak using the formula developed by 
Scherrer β = 
θD
λ
ccos
9.0
[1918Sch98], where β is FWHM, λ the X-ray wavelength, Dc the appar-
ent crystallite size, and θ the Bragg angle. Instrumental broadening of the diffraction maxima 
is accounted for by using an internal standard (Si), allowing to define the instrument independ-
ent FWHM (β) via the formula: β = ))((
2
1 bBBbB −+− , where B is the FWHM of the 
sample and b is the FWHM of the standard. The calculations were performed for three well 
separated reflections of the skutterudite ((330), (240), (332)) and Si (220) within a 2θ range 
from 40° to 48°. Validation of the method was performed by determination of the crystallite 
size for Al2O3 powders with known particle size (50 nm, 300 nm and 1000 nm) and shows fine 
agreement for the nano-size region 50 ± 5 nm.  
For selected cases these results were accompanied by evaluation with more sophisticated tech-
niques in order to get detailed information on the microstructure of the samples. The broaden-
ing of measured X-ray Bragg peaks arises from several effects: (i) the finite size of the coher-
ently scattering volume, (ii) the effect of lattice distortions due to defects (dislocation, etc.) and 
(iii) instrumental broadening. With physical models for (i) and (ii), information on the micro-
structure can be obtained from X-ray profiles. The effect of lattice distortions is expected to 
arise from dislocations in the form of anisotropic strain broadening. The simplest case to in-
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 clude this in the evaluation is via the so-called modified Williamson-Hall plot (mWH) 
[1996Ung3173, 1999Ung425, 1999Ung992]. 
One can summarize the procedure as follows: if the anisotropic peak broadening is caused by 
dislocations, then the modified Williamson-Hall plot is a better linearisation of the evolution of 
the peak widths vs. the diffraction order than the conventional one. In this case it is possible to 
obtain the average CSD size as well as some information on the density of dislocations in the 
material from the X-ray profile. The model needs an average contrast factor for dislocations. In 
the present case this was done following the procedures described in [1996Ung3173, 
1999Ung425, 1999Ung992, 2002Dra556, 1999Rev992] and taking values for the elastic con-
stants (C11, C12, C44 for cubic) from [1996Fel6273] for program ANIZC 
(http://metal.elte.hu/anizc/). 
The state-of-the-art approach of X-ray line profile analysis is to directly fit the measured data 
considering physical based theoretical models as described in [2001Rib669, 2002Sca190]. In 
the present work the most recent version of the ‘CMWP’ program (Convolutional Multiple 
Whole Profile) [2001Rib669, 2004Rib343] was used, with the possibility of including an in-
strumental profile into the evaluation to correct for instrumental broadening. For the size-
broadening component, a log-normal size distribution for the CSD with spherical crystallites is 
assumed: 
[ ]

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where σ is the variance and m is the median of the distribution. 
In this thesis, size calculated by the program ‘SYSSIZE’ will be called “crystallite size”; size 
calculated by ‘CMWP’ will be called “CSD size” and size derived from SEM photos will be 
called “grain size”. 
For the strain broadening the dislocation-based Wilkens model for the mean-square strain is 
used [1970Wil, 1988Wil47, 1964Wil459]. From the Fourier coefficients resulting from all the 
physical models the corresponding real-space function is computed for each reflection and 
their sum is fitted directly to the measured data as described in [2001Rib669]. The results ob-
tained from this procedure are the dislocation density and the parameters of the log-normal 
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 size distribution. For comparison with the other methods, the area- or volume-weighted aver-
age CSD size can be computed according to the formulae given in [2001Rib669].  
 
2.5 Morphology of the fracture surface 
 
The scanning electron microscope (SEM) is used to image the sample’s surface through scan-
ning with a high-energy beam of electrons in a raster scan pattern. The incident electrons inter-
act with the atoms in the specimen producing signals, which contain information about the 
sample’s surface topography and composition [2009Web2]. In this thesis, the images of the 
fracture surfaces were taken with a Philips XL30 field emission environmental scanning elec-
tron microscope (ESEM-FEG).  
 
2.6 Thermoelectric transport properties measurement 
 
2.6.1 Measurement setup for electrical resistivity ρ 
 
The so called “four probe method” was used for both low temperature (4< T< 300 K) and for 
high temperature measurement of the electrical resistivity. Combined with Ohm’s law, the 
electrical resistivity can be expressed by the equation, 
lI
AU
⋅
⋅=ρ    (2.6) 
where I is the applied constant current, U is the detected voltage, A is the cross section and l is 
the length. 
Fig. 2.6 shows the ρ measurement system at low temperature. The cuboid-shape specimen, laid 
on an isolator (Fig. 2.6a), was connected with four probes: two outer for applying current and 
two inner for detecting voltage. The current was loaded from a Lakeshore Resistance Bridge 
370 AC. The temperature of the sample was determined by a Pt100 thermocouple in the range 
30-300 K and by a Ge resistive sensor when T< 30 K.  
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   b) a)
 
Fig. 2.6 Schematic drawing of the sample holder for the low temperature electrical resistivity 
measurement a) and the cryogenic measurement station b) [2007Roh1]. 
 
The high temperature (300-800 K) ρ measurement was performed in ULVAC-RIKO ZEM-3. 
The Conceptional diagram is displayed in Fig. 2.7. The theory of the measurement is similar to 
the cryogenic method. 
 
2.6.2 Measurement setup for the Seebeck coefficient 
 
The Seebeck coefficient (thermopower) S is a measurement of the induced voltage regarding 
to the temperature gradient in the sample.  
Cuboid shaped samples (usually 5x1x1 mm) were used for low temperature (4< T< 300 K) S 
measurement. Two ends of the stick were glued onto the heater on one side using GE-varnish 
while the other side was connected to a Chromel/Constantan thermocouple using Ag-gel. Then 
the sample holder was sealed by an In wire and lowered into the cryostat filled by He (Fig. 
2.8). The temperature of the sample was determined by a Pt100 thermocouple in the range of 
30-300 K and by a Ge resistive sensor when T< 30 K. The Seebeck coefficient was calculated 
using the equation: 
)( 21
21
1
1 SSVV
VSS −−−=    (2.7) 
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 where S1 and S2 represent S, and V1 and V2 present the detected voltages of the Chromel and 
Constantan, respectively. The temperature gradient ∆ = 0.2 K was applied in both directions of 
the sample in order to prevent spurious voltages in the measurement circuit. 
The high temperature S (300-800 K) measurement was performed in ULVAC-RIKO ZEM-3. 
The Conceptional diagram is displayed in Fig. 2.9. The measurement is based on the static dc 
method. The temperature gradients were 10, 15 and 20 K.  
 
 
Fig. 2.7 Conceptional diagram of high temperature electrical resistivity measurement 
[2008ULV]. 
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Fig. 2.8 Schematic drawing of the cryogenic measurement station for Seebeck coefficient 
[2007Roh1]. 
 
 
Fig. 2.9 Conceptional diagram of high temperature S measurement [2008ULV]. 
 
2.6.3 Measurement setup for the thermal conductivity 
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 A laser flash method (Flashline 3000, ANTER Corporation) was employed for thermal con-
ductivity measurement in the temperature range 173-773 K. Liquid nitrogen was used for cool-
ing below room temperature. The system includes four main parts: the infrared furnace, the 
electronic control console, the detector assembly, and the sample holder. 
The backside temperature was measured by a high quality InSb detector for measurements 
above ambient temperature and a solid-state detector was used for lower temperatures. The 
temperature of the specimen was detected by the thermocouples adjacent to the specimen. 
The laser generated from a so called high speed Xenon discharge (HSXD) pulse source, gener-
ated a maximum 10-12 J energy. The flash lamp, located in a protective place under the fur-
nace, emitted the power of the pulse that can be set manually within the range of 400V to 800V. 
The Xenon flash transfers to the specimen through an optical assembly, which contains a light 
pipe that connects into the furnace by a lower cross flange. The sample holder was mounted on 
two translucent quartz rods located in the furnace.  
The sample requires a disk shape with diameter 6 mm and thickness around 1 mm. The two 
surfaces are parallel and flat, and coated with graphite to avoid a high laser reflection, which 
may reduce the energy absorption inducing a bad rear face signal.    
The thermal conductivity was calculated using the relationship κ = D·Cp·ρd, with the thermal 
diffusivity D and specific heat Cp measured by Flashline, and density ρd. The temperature de-
pendent density ρd(T) was extrapolated to full temperature range by the equation: 
Td α
ρρ
31
0
+=    (2.8) 
where α is the thermal expansion coefficient set as 11×10-6 K-1. ρ0 is the room temperature 
density measured by the Archimedes method in distilled water using a Mettler AE200 balance 
and agrees within 0.1 – 1.2 % with the density determined by the direct volume method.  
The thermal diffusivity is computed by the general formula with equation: 
2/1
2
t
cLD =     (2.9) 
where c is a coefficient, L is the sample thickness, and t1/2 is the time at Tmax/2 measured.  
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 A standard sample (graphite or steel) with known-Cp was located next to specimen and ex-
posed with the same laser energy. The heat capacity Cp of the specimen was computed from 
the standard sample with equation: 
sssd
rrprrd
sp TL
TCL
C ∆
∆=
,
,,
, ρ
ρ
    (2.10) 
where Cp,r and Cp,s are the heat capacities, Lr and Ls are the thickness, of the reference and the 
specimen, respectively, and ∆T is the temperature increase by laser heating. 
The low temperature (4<T<300 K) thermal conductivity measurements were performed in a 
flow cryostat on cuboid-sphaped samples (length 8 mm and cross section about 2 mm2): One 
end of the sample was fixed on a thick copper panel mounted on the heat exchanger of the 
cryostat and the other was attached to an electrical heater. 
The lattice thermal conductivity κl was calculated through subtracting the electronic thermal 
conductivity κe from the measured κ by employing the Wiedemann-Franz law κe = L0T/ρ (as-
suming a temperature independent Lorenz number L0 = 2.44 × 10-8 V2/K2)  
 
2.6.4 Measurement setup for the Hall mobility 
 
Room temperature measurements of carrier concentration and Hall mobility were performed 
employing a Ecopia HMS-3000 Hall Measurement System with a magnet flux density 0.55T 
and using the Van der Pauw method. 
 
2.7 Measurement setup for mechanical properties 
 
2.7.1 Elastic moduli 
 
The time-of-flight of sound pulse measurements were performed on cylinders (height = 10 
mm, diameter = 10 mm) with a frequency of 10 MHz. The absolute values of the elastic 
moduli were estimated from the measured sound velocity using equations [1959Lan13, 
1980Led305]: 
C11 = ρdvL2   (2.11) 
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 C44 = G = ρdvT2   (2.12) 
E = 22
422 43
TL
TLT
d vv
vvv
−
−ρ    (2.13) 
where ρd is the material density measured by Archimedes method in distilled water, vL and  vT 
are the longitudinal and transverse sound velocity, respectively, measured with the TOF 
method. Poisson’s ratio and bulk modulus were calculated by equations: 
1
2
−=
G
Eν    (2.14) 
)21(3 ν−=
EB    (2.15) 
Resonant Ultrasound Spectroscopy (Fig. 2.10) was used to determine elastic properties via 
eigenfrequencies of samples and the knowledge of sample mass and dimensions. The RUS 
theory [2004Zad154, 2005Mig121301] establishes the relation between kinetic energy and 
elastic energy and hence makes it possible to carry out a least squares fit by minimizing the 
sum of the squared differences between the measured and the calculated eigenfrequencies to 
derive the elastic properties. The measurements were performed in two different types of RUS 
instruments. For RUS measurements at the University of Cambridge for 
Ba0.075Sr0.025Yb0.1Co4Sb12 and Mm0.7Fe3CoSb12 (RUS1), spectra were collected in the frequency 
range from 200 kHz to 1.1 MHz on parallelepiped-shaped samples, which were mounted cor-
ner-to-corner, face-to-face, and edge-to-edge between transducers in order to obtain all reso-
nant eigenmodes. For each sample 25 peaks resulting from excited resonant eigenmodes and 
corresponding overtones then were fitted via a Lagrangian minimization routine gaining elastic 
constants C, where shear modulus and bulk modulus are calculated for an isotropic system:  
G = C44   (2.16) 
4411 3
4 CCB −=    (2.17) 
Then Young’s modulus was calculated by equation: 
GB
BGE += 3
9
    (2.18) 
Poisson’s ratio was calculated by Eq. 2.14.  
For RUS measurements at the University of Vienna (RUS2), the cylindrical samples were 
mounted edge-to-edge between the two piezo-transducers and excited via a network analyser 
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 in the frequency range from 100 kHz to 500 kHz. As the average symmetry of all samples is 
isotropic, the Young’s modulus and Poisson’s ratio were the fitting variables. Then the bulk 
modulus was calculated using Eq. 2.15 and the shear modulus was calculated by Eq. 2.14. 
For an isotropic material, C11 is calculated from the equation: 
v
BvBC +−= 1
6311    (2.19) 
C44 = G (Eq. 2.12), and vL and vT are calculated with Eq. 2.11 and 2.12 from C11 and C44 re-
spectively.  
The errors of above measurements (TOF and RUS) are within 0.5 %. 
 
 
Fig. 2.10 Conceptional diagram of the RUS system [2005Mig121301] 
 
2.7.2 Compression test 
 
The engineering stress–strain deformation was carried out at room temperature at a strain rate 
of 4.2×10-4 sec-1 on a Shimadzu AG50 universal testing machine with a compression cage for 
uniaxial compression.  
 
2.7.3 Vickers hardness 
 
The Vickers hardness is used to evaluate the ability of a specimen to resist plastic deformation 
from a standard source. A MHT micro hardness tester, mounted on a Carl Zeiss Axioplan opti-
cal microscope, was employed for the measurement under the load of 1 N sustained for 10 
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 second. Fig. 2.12 shows the schematic drawing of Vickers hardness indentation. The micro-
hardness was computed by equation: 
2891.1 d
FHV =    (2.20) 
where HV is Vickers hardness in MPa, F is the force in Newton, and d is the average length of 
the diagonals of the indent in mm. 
 
Fig. 2.11 Schematic drawing of Vickers hardness test 
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 3 Results and discussion 
 
3.1 MmFe4Sb12- and CoSb3-based Nano-skutterudites Prepared by Ball 
Milling: Kinetics of Formation and Transport Properties 
 
3.1.1 Introduction 
 
Mechanical milling is a cheap, simple and an industrial way to prepare nano-sized materials 
with crystal imperfections. Although there are numerous reports on preparation of unfilled 
[1997Nak351, 1998Ann5270, 2003Ber93, 2004Top1189, 2005Lin5763, 2007He053731, 
2007Liu257, 2007Liu566] and filled [2003Yan785, 2004Yan97, 2004Zha59, 2004Yan114, 
2005Yan3966, 2006Bao186, 2007Rec357] skutterudites by mechanical milling, information 
on the influence of ball milling conditions on preparation of nano-size skutterudites during ball 
milling (BM) processes is rather limited. The dispersion of nano-sized impurity particles is 
known to interact with dislocation structures, to delay dislocation recovery and consequently to 
stabilize fine grained structures [2007Shi202]. The fine grain size structure with high disloca-
tion density may result in an additional decrease of the lattice component of the thermal con-
ductivity. A decrease of thermal conductivity and a corresponding increase in ZT for nano-
composites La0.9Fe3CoSb12-CoSb3 [2008Alb113707], Yb0.15Co4Sb12-CoSb3 [2008Mi205403], 
CoSb3-FeSb2 [2000Kat3484], and CoSb3-oxide [1999Kat348] was reported.  
This chapter considers both unfilled CoSb3 and filled MmyFe4Sb12 skutterudites. Both com-
pounds exhibit a small homogeneity region and this fact allows a profound evaluation of the 
size of crystallographically undisturbed regions from X-ray powder diffraction profiles. In 
order to suppress grain size growth at high temperatures, in-situ oxide particle dispersions 
were introduced. The optimal oxygen content and ball milling conditions that may be used for 
large-scale commercial ball milling of skutterudite based thermoelectrics in air will be dis-
cussed and the influence of in-situ oxide precipitation on thermoelectric properties of these 
materials will be investigated. 
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 3.1.2 Experimental procedures 
 
Starting materials were ingots of Mm (Ce-50.8 wt.%, La-28.1 wt.%, Nd-16.1 wt.%, Pr-5.0 
wt.%, from Treibacher Industrie AG, Austria), Fe, Co, and Sb (each of purity of 99.9 wt.%, 
from Alfa Aesar, Karlsruhe, Germany). For the synthesis of CoSb3 we used Co and Sb powder 
(each of purity of 99.9 wt.%) from Alfa Aesar, Karlsruhe, Germany. In order to obtain nanos-
tructured CoSb3, master alloys prepared from Co and Sb powder were cold-pressed to pellets 
and sealed under vacuum in silica capsules, heated to 600 °C and held for 5 days. The samples 
for MmFe4Sb12 were made from Mm mixtures with FeSb2 and Sb (about 1 wt.%. of extra Sb 
was added to compensate evaporation losses), which were sealed under vacuum in silica cap-
sules, slowly heated at a rate of 1°/min up to 950 °C in order to avoid extensive exothermal 
reaction of Mm and Sb, cooled down to 600 °C and annealed at this temperature for 3 days.  
Hot pressing was performed at temperatures higher than 400°C in Ar atmosphere with a pres-
sure of 56 MPa. 
 
3.1.3 Results and discussion 
 
3.1.3.1 Formation of CoSb3 from elemental powders 
In order to investigate the kinetics of formation of CoSb3 in an oxidizing atmosphere, elemen-
tary powders of Co and Sb (initial particle size 100- 200 µm) were milled in air by using dif-
ferent ball to powder ratios (BPR= 20, 40 and 80) and ball diameters (∅b) ∅b = 1.6 and 10 
mm. Rotation speed of the main disk (Rs) in these experiments was set to 300 rpm whilst 
planetary disks were rotating in opposite direction with a multiplication factor (MF) of –2.5 
resulting in 750 rpm for sample chambers (volume 80 ml, ∅ = 65 mm). Sample probes for 
XPD and LOM (light optical microscopy) characterization of the ball milled product were 
selected after 2, 4, 6, 14, 20 and 30 h of the milling process. Fig. 3.1.1 shows examples of the 
XRD patterns after different ball milling periods. A significant amount of CoSb3 in the product 
was already observed after 2h of milling when balls with 10 mm diameter were used. Besides 
the formation of the skutterudite phase the XPD analysis reveals formation of CoSb2. Due to 
significant overlap of diffraction peaks of CoSb2 and CoSb3 (Fig. 3.1.1) determination of crys-
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 tallites size from XPD is rather uncertain but significant broadening of the X-ray diffraction 
peaks (insert, Fig. 3.1.1) indicates the formation of a strongly cold worked material. It has to 
be noted that only a small amount of CoSb3 was formed (below 5 vol. %), when small diame-
ter balls (∅b = 1.6 mm) were used. On the other hand one can see that small balls produce 
smaller particles of CoSb2 when half widths of XPD peaks are compared with products ob-
tained by milling with 10 mm balls. 
The volume percentage of CoSb3 and CoSb2 formed under different milling conditions was 
evaluated by Rietveld refinement, and the results are plotted in Fig. 3.1.2. In case of big balls 
(∅b = 10 mm) a similar tendency is observed for the amount of the phases formed. The quan-
tity of CoSb3 increases with BM time, reaching a maximum value in between 2 - 6 h, after 
which the amount of the skutterudite phase decreases. On the other hand, the volume fraction 
of CoSb2 in the specimens continuously increases during the BM process. Influence of ball to 
powder ratio (BPR) is obvious – the amount of the produced skutterudite phase increases with 
decreasing BPR. The maximal overall content of CoSb3 achieved by these experiments does 
not exceed 75 vol. % (BPR = 20, Fig. 3.1.2).  
In order to evaluate the observed kinetics of formation of CoSb3 one has to consider that dur-
ing BM at least two competing processes occur: (i) formation of CoSb3 (CoSb2 + Sb → CoSb3) 
and decomposition of this phase CoSb3 → CoSb2 + Sb. A superposition of all parallel proc-
esses typically reveals the picture observed for CoSb2 (Fig. 3.1.2): the amount of CoSb2 in-
creases with time and finally reaches a saturation value. In contrast to this, the amount of 
CoSb3 formed reveals a maximum with subsequent decrease of its volume fraction. Explana-
tion of such a behaviour is based on LOM investigations of the ball milled product, which was 
found to consist of fine powder (particle size below 1 µm) but also contains shiny big flakes of 
antimony (> 10 µm). Amount and size of the flakes increases with BM time and formation of 
these particles suppresses further formation of CoSb3 due to a decreasing probability for the 
reaction CoSb2 + Sb → CoSb3. Consequently the decomposition reaction CoSb3 → CoSb2 + Sb 
dominates during the BM process.  
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Fig. 3.1.1 Selected XPD patterns indicating the formation of CoSb3 from powders of the 
elements. The insert compares the peak widths for ∅b = 1.6 mm and ∅b = 10 mm ball milled 
powders. 
 
3.1.3.2 Decomposition of CoSb3 
Experiments on the decomposition of CoSb3 were performed under ball milling conditions 
similar to those used in the experiment described in the previous section: air, BPR = 40, Rs = 
300·(-2.5) = 750 rpm, ∅b = 10 mm. Single-phase CoSb3 with particle size 80 ± 20 µm was 
used as a starting material. 
Fig. 3.1.3 shows the volume percentage for each phase after ball milling versus BM time. A 
significant decrease of the CoSb3 content was observed already in the first probe selected after 
2 hours of BM. The kinetic energy of the balls seems to be high enough for decomposition of 
CoSb3 under formation of CoSb2 and (Sb). The respective reaction according to the Co-Sb 
phase diagram [1990Ish1232] occurs at 876 °C. It has to be noted that the observed decompo-
sition is not associated with oxidation of CoSb3 because subsequent annealing of the powder at 
600 °C for 2 days results in single-phase CoSb3. 
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Fig. 3.1.2 Formation of CoSb3 and volume percentage from Rietveld refinement of CoSb3 and 
for CoSb2 (insert).  
 
Fig. 3.1.3 Volume percentage of phases after ball milling. Decomposition of CoSb3. 
 
Based on these results the next step was to define optimal BM conditions for the preparation of 
nano-sized CoSb3 avoiding its decomposition. The various influences of parameters such as (i) 
rotation speed of main disk (RS), (ii) planetary ratio PR= diskmain  of speed
container of speed
, (iii) ball to 
powder ratio (BPR), (iv) process control agent (PCA) and (v) size of the balls (∅b) on the re-
sulting milling product and size of the crystallites will be discussed, respectively. The scheme 
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 used for optimisation of BM parameters (Fig. 3.1.4) contains 4 parameters. At the beginning of 
the experiment two sample containers were loaded with single-phase CoSb3 micro-size powder 
with ball to powder ratio BPR = 10, but balls with different diameters ∅b = 1.6 mm and 10 mm 
were used. During the first three BM phases (Fig. 3.1.4) cyclohexane was used as process con-
trol agent (PCA) in order to minimize cold welding between powder particles and to inhibit 
agglomeration [2001Sur1]. Conditions used in each experimental step and product characteri-
zation are summarized in Table 3.1.1. The crystallite size of these processes was evaluated 
from XRD profiles using the program ‘SYSSIZE’ and is shown in Fig. 3.1.5. This figure, to-
gether with the inset, shows that after certain milling conditions the crystallite size reduced 
very little whatever the conditions were. One can see for example that the crystallite size is 
almost the same for ∅b = 1.6 mm samples after 30 hours milling in comparison to ∅b = 10 mm 
samples after 40 hours milling. Another important information is that ∅b = 1.6 mm balls fur-
nished smaller crystallite size quicker than ∅b = 10 mm balls. But after long time milling, ∅b = 
1.6 mm and ∅b = 10 mm balls produced crystallite sizes in a close range, 27 nm and 20 nm, 
respectively. 
 
 
Fig. 3.1.4 Scheme for optimization of ball milling parameters. 
 
Influence of rotation speed of main disk (Rs)   
The rotation speed of the main disk, Rs, was changed from 70 to 360 rpm in steps of 10~30 
with increasing of milling time whilst other parameters were kept: PR = -2.5, BPR = 10, PCA 
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 = cyclohexane and ∅b = 1.6 mm in one chamber and ∅b = 10 mm in the other chamber. The 
CoSb3 phase decomposed for Rs > 200 rpm for ∅b = 1.6 mm but no decomposition occurred 
for ∅b = 10 mm. CoSb formed via the decomposition of CoSb3 in cyclohexane, in contrast to 
the samples ball milled in air (decomposition into CoSb2). In the ∅b = 1.6 mm milling chamber, 
the amount of CoSb increased slowly with increasing Rs, whilst the crystallite size of CoSb3 
decreased to 22 nm quickly. After ball milling sample from chamber 2 for 56 hours (see Table 
3.1.1), the powder was divided in two portions, which were hot-pressed at 420°C and 600°C, 
respectively. Hot pressing at 420 °C is insufficient to recover CoSb3; whereas CoSb3 recovered 
after hot pressing at 600 °C. Selected XRD patterns for as-ballmilled and as-hotpressed mate-
rial are shown in Fig. 3.1.6. A detailed explanation of ball milling parameters is given below. 
 
 
Fig. 3.1.5 Crystallite size evaluated from XPD profile peak half width. 
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Fig. 3.1.6 Selected XPD profiles of CoSb3 ball milled at various conditions and after 
subsequent hot-pressing at different temperatures (for details see text) 
.
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Table 3.1.1 Preparation and characterization of ball milled Co-3Sb powders. C-Size is crystallite size determined by the program ‘SYSSIZE’.  
Time Rs PR BPR Chamber 1 Chamber 2 
(h)     (rpm)   PCA ∅b (mm) Phases C-Size (nm) PCA ∅b (mm) Phases C-Size (nm)
0        100CoSb3   100CoSb3 - 
1      70 -2.5 10 CH2) 1.6 100CoSb3 CH 10 100CoSb3 - 
2    100 -2.5 10 CH 1.6 100CoSb3 292 CH 10 100CoSb3 - 
3    110 -2.5 10 CH 1.6 100CoSb3 179 CH 10 100CoSb3 885 
5    120 -2.5 10 CH 1.6 100CoSb3 134 CH 10 100CoSb3 498 
6    150 -2.5 10 CH 1.6 100CoSb3 101 CH 10 100CoSb3 419 
7    160 -2.5 10 CH 1.6 100CoSb3 89 CH 10 100CoSb3 349 
13    170 -2.5 10 CH 1.6 100CoSb3 45 CH 10 100CoSb3 148 
15    180 -2.5 10 CH 1.6 100CoSb3 34 CH 10 100CoSb3 82 
20    190 -2.5 10 CH 1.6 100CoSb3 33 CH 10 100CoSb3 77 
22    195 -2.5 10 CH 1.6 100CoSb3 26 CH 10 100CoSb3 77 
23   200 -2.5 10 CH 1.6 99CoSb3+1CoSb 26 CH 10 100CoSb3 62 
24   220 -2.5 10 CH 1.6 99CoSb3+1CoSb 26 CH 10 100CoSb3 - 
25    240 -2.5 10 CH 1.6 99CoSb3+1CoSb 25 CH 10 100CoSb3 61 
26    260 -2.5 10 CH 1.6 99CoSb3+1CoSb 25 CH 10 100CoSb3 60 
27    280 -2.5 10 CH 1.6 99CoSb3+1CoSb 23 CH 10 100CoSb3 52 
28       300 -2.5 10 CH 1.6 99CoSb3+1CoSb 22 CH 10 100CoSb3 50
29      330 -2.5 10 CH 1.6 - 22 CH 10 100CoSb3 45
30       360 -2.5 10 CH 1.6 98CoSb3+2CoSb 22 CH 10 100CoSb3 45
31      360 -2.7 10 CH 1.6 - 21 CH 10 100CoSb3 44
32       360 -2.9 10 CH 1.6 - 21 CH 10 99CoSb3+1CoSb 44
34       360 -3.3 10 CH 1.6 91CoSb3+9CoSb 20 CH 10 - 36
35       300 -3.3 10 CH 10  - 20 CH 10 - 34
40       300 -3.3 10 CH 10 89CoSb3+11CoSb CH 10 - -
40.5       100 -2.5 10 CH 10 89CoSb3+11CoSb 20 Air 10 - 28
41      150 -2.5 10 CH 10 89CoSb3+11CoSb 20 Air 10 93CoSb3+5CoSb2+2CoSb 27
41.5    180 -2.5 10 CH 10 89CoSb3+11CoSb 20 Air 10 - 27
42     210 -2.5 10 CH 10 89CoSb3+11CoSb 20 Air 10 93CoSb3+5CoSb2+2CoSb 26
43    250 -2.5 10 CH 10 89CoSb3+11CoSb 20 Air 10  28
44      210 -2.5 12.5 CH 10 89CoSb3+11CoSb 20 Air 10 - 28
45      210 -2.5 17 CH 10 89CoSb3+11CoSb 20 Air 10 - 28
46      210 -2.5 21 CH 10 89CoSb3+11CoSb 20 Air 10 - -
47      210 -2.5 25 CH 10 89CoSb3+11CoSb 20 Air 10 59CoSb3+36CoSb2+5CoSb -
48       240 -2.5 25 CH 10 89CoSb3+11CoSb - Air 10 - -
49       280 -2.5 25 CH 10 88CoSb3+12CoSb - Air 10 - -
50       280 -3.3 25 CH 10 86CoSb3+14CoSb - Air 10 - -
51      300 -3.3 25 CH 10 83CoSb3+17CoSb - Air 10 13CoSb3+71CoSb2+5CoSb -
56      300 -3.3 25 CH 10 56CoSb3+44CoSb - Air 10 - -
                                      2) CH is Cyclohexane 
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 Influence of planetary ratio (PR) 
The planetary ratio PR was set to four values: 2.5, 2.7, 2.9, and 3.3 with increasing of milling 
time. Other parameters were kept constant. Rs = 360 rpm, BPR = 10, PCA = cyclohexane and 
∅b = 1.6 mm in one chamber and ∅b = 10 mm in the other chamber. Decomposition of CoSb3 
with formation of CoSb increased sharply with crystallite size almost unchanged. The vol. % 
of CoSb increased from 2 to 9. This means that a low planetary ratio is important to avoid de-
composition. 
 
Influence of ball diameter (∅b) 
Comparing the results of milling for two different ball diameters, one can see that under cer-
tain conditions, milling with small balls is faster to obtain finer particle size than milling with 
big balls. However, milling with small balls enhances decomposition with respect to big balls. 
To check if the phases or crystallite size will change as a function of the ball diameter, the 
chamber which contains ∅b = 1.6 mm balls was changed to ∅b = 10 mm balls. During 6 hours 
milling, the formation of CoSb increased from 9 vol. % to 11 vol. %, while the crystallite size 
remained unchanged. 
 
Influence of process control agent (PCA) 
PCA was changed from cyclohexane to air in the chamber with ∅b = 10 mm balls. Rs was 
changed to 100 rpm and was increased step by step to 250 rpm, PR = -2.5, BPR = 10, ∅b = 10 
mm in both chambers. Formation of CoSb2 (5 vol. %) appeared after 1 hour milling even with 
low Rs = 150 rpm, whilst the crystallite size of CoSb3 stayed unchanged. This shows that PCA 
significantly affects the phase transformation in the ball milling process. The amount of CoSb2, 
however, did not change although Rs changed from 150 to 210 rpm. During this period, the 
milling parameters under cyclohexane in the other chamber stayed constant (11 vol. % of 
CoSb and crystallite size 20 nm). 
 
Influence of ball to powder ratio (BPR) 
The BPR was varied from 10 to 25, while keeping the rest of the parameters constant: Rs = 
210 rpm, PR = -2.5, ∅b = 10 mm, PCA = cyclohexane in one chamber and air in the second 
 - 44 - 
 one. During this period, no further decomposition of CoSb3 appeared in the cyclohexane 
chamber; the crystallite size remained unchanged. But in the air chamber, the decomposition of 
CoSb3 with the formation of CoSb2 increased sharply from 5 vol. % to 36 vol. %. This means 
that the kinetic energy attained a critical value to decompose CoSb3. After BPR = 25, Rs in-
creased from 210 to 300 rpm and PR increased from –2.5 to –3.3. With the increase of kinetic 
energy, the amounts of CoSb in the cyclohexane chamber and of CoSb2 in the air chamber 
increased steadily. In other words, the decomposition of CoSb3 became more and more dra-
matic after a certain critical kinetic energy was reached. 
In order to get a deeper insight in the evolution of the microstructure during ball milling, the 
CMWP procedure (see Chapter 2) was used for a selected CoSb3 milling procedure with Rs = 
200 rpm, PR = -2.5, ∅b = 10 mm, PCA = cyclohexane for a milling time of 0, 5, 10, 15, 20 
hours. The resulting CSD size distributions are given in Fig. 3.1.7. It can be seen, that from the 
initial material a continuous grain refinement occurs, with a slow-down beyond 15 hours of 
milling. The modified Williamson-Hall analysis shows that there is little anisotropic strain 
broadening with an estimated increase of the dislocation density by a factor of about 5-7 from 
the initial to the ball milled samples. The dislocation density does not change significantly for 
different milling times. When using the CMWP method the dislocation density cannot be re-
liably fitted. The values obtained so far indicate a dislocation density slightly above the lower 
limit of resolution of the method of about 1012 m-2. The rather low amount as compared to 
other ball-milled materials (~ 1015 m-2) [2002Sca190, 2005Rib912] can be also suggested by 
the modified Williamson-Hall analysis. For more details on the evaluation regarding disloca-
tion densities in the material see section 3.1.3.4, where the values for a 20 h milled sample are 
given together with those for the hot-pressed material. 
 
3.1.3.3 Optimization of Composition of Nano-Composites MmFe4Sb12 + Mm2O3. 
In order to define the optimal nominal composition for the MmFe4Sb12 + Mm2O3 nano-
composite a number of alloys with different starting composition MmyFe4Sb12, y=1, 1.2, 1.5, 
2.0, 2.4, 2.6, and 3.0 were prepared under ball milling conditions defined in section 3.1.3.2 (Rs 
= 200 rpm, PR = -2.5, ∅b = 1.6 mm, BPR = 10, PCA = cyclohexane, ball milling time 2 hours). 
The nano-powders obtained were hot-pressed at 600 °C at 56MPa for 2 hours. Samples were 
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 analysed by means of XPD in order to elucidate the volume fractions of the secondary phases 
(Sb), MmSb2 and FeSb2. The hot-pressed specimens with y < 2.4 clearly show (Sb) and FeSb2 
whilst the samples with higher rare earth content were found to contain MmSb2. The amount 
of the oxide in Mm2.4Fe4Sb12 (16 wt. % Mm2O3) was calculated as the difference between 
starting composition and amount of the rare earth defined from Rietveld refinement of the 
sample. Reproducibility of the preparation technique was checked by successful preparation of 
two further samples with the starting composition Mm2.4Fe4Sb12 and weight of 10 grams. The 
specimens were hot-pressed for 2 and 4 hours and are named as “Nano-composite 1” and 
“Nano-composite 2”. As the reference sample for subsequent investigation we used a nano-
crystalline CoSb3 (named “Nano-CoSb3”) and two macro-crystalline samples MmFe4Sb12 (ox-
ide free sample, called “Reference sample”) and MmFe4Sb12 +16 wt. % Mm2O3 (“Macro-
composite”). The details for their preparation and characterization are listed in Table 3.1.2. 
SEM images of the fracture surfaces of the samples (Fig. 3.1.8) reveal the grain size being in 
good agreement with the crystallite sizes determined by X-ray techniques. Experimental densi-
ties (see Table 3.1.2) show a significant drop for the oxide containing samples and correlate 
with the amount of oxide.  
 
 
Fig. 3.1.7 CSD size distributions for selected CoSb3 ball milled samples 
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 Table 3.1.2 Composition, preparation details, crystal structure, and crystallite size for skutteru-
dite samples  
Composition PD1) a (nm) occ. in 2a y(24g) z(24g) CS
2) Density3) Comments 
CoSb3 
BM, 
HP-
2h 
0.90348(2) 0 0.1584(1) 0.3353(1) 128nm 93.9% Nano-CoSb3 
MmFe4Sb12 
HP-
2h 0.91381(2) 0.75 0.1595(2) 0.3363(2) >10µm 97.6% 
Reference 
sample 
MmFe4Sb12 
+ 16wt.% 
Mm2O3 
HP-
2h 0.9142(4) 0.79 0.1598(2) 0.3364(2) >10µm 88.2% 
Macro-
composite 
MmFe4Sb12 
+ 16wt.% 
Mm2O3 
BM, 
HP-
2h 
0.91418(2) 0.78 0.1603(1) 0.3366(1) 106 nm 91.7% 
Nano-
composite 
1 
MmFe4Sb12 
+ 16wt.% 
Mm2O3 
BM, 
HP-
4h 
AN-
110h 
0.9142(3) 0.80 0.1603(1) 0.3362(1) 153 nm 91.5% 
Nano-
composite 
2 
1)  Preparation details: Ball Milling (BM: Rs = 200 rpm, PR = -2.5, ∅b = 1.6 mm, BPR = 10, PCA = cyclohexane, 
ball milling time 2 hours), Hot Pressing at 600 °C, 56MPa (HP), Annealing in vacuum, 600°C (AN)  
2) Crystallite size determined by the program ‘SYSSIZE’ 
3) Density relative to x-ray density of oxide-free skutterudite. 
 
 
Fig. 3.1.8 SEM images of the fracture surfaces for a) the reference sample, b) Nano-CoSb3, c) 
Nano-composite 1 and d) Nano-composite 2 after annealing for 110 hours. 
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 3.1.3.4 Stability of nano-sized bulk at high temperature (600°C) 
The influence of heat treatment on the crystalline size was investigated for samples “Nano-
composite 1” and “Nano-CoSb3”. Fig. 3.1.9 compares XRD profiles of the “Nano-CoSb3” after 
ball milling and subsequent heat treatments. The crystallite size increases with hot pressing 
time from 68 nm (after ball milling) to 128 nm (hot pressing for 2 hours) and 195 nm (hot 
pressing for 4 hours). The nano-crystallites of CoSb3 continued to grow with subsequent an-
nealing of the specimen (performed in vacuum), reaching the resolution limit of instrumental 
evaluation after heat treatment for 90 h (Fig. 3.1.10). A similar tendency of coagulation of the 
CoSb3 nano-particles was reported by [2004Top1189] – the skutterudite crystallites were 
found to grow to 459 nm and 771 nm after annealing at 540 °C for 36 h and 60h, respectively. 
However, little effect of annealing is observed in case of MmFe4Sb12 with in-situ oxide pre-
cipitation. One can see that the crystallite size only slightly increases during hot pressing for 2 
and 4 hours and no significant crystal growth was observed with prolonged annealing time at 
600°C.  
 
 
Fig. 3.1.9 XRD profiles of CoSb3 prepared by BM and hot pressing. 
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Fig. 3.1.10 Growth of the crystallite size for nano skutterudites. Open downward triangles are 
SEM data for Nano-CoSb3 after heat treatment at 540 °C [2004Top1189]. 
 
Taking into account the enhanced stability of oxide containing nano-composites against tem-
perature their thermoelectric properties were compared with two macro-crystalline samples 
(Table 3.1.2). 
The samples that were ball milled for 2 hours and subsequently subjected to hot pressing for 2 
and 4 hours (Nano-CoSb3), were analysed using the modified Williamson-Hall model and the 
CMWP method in order to investigate the development of the microstructure during hot press-
ing, The CSD size distributions obtained from the CMWP-fit together with that of the initial 
powder are given in Fig. 3.1.11. The CSDs start to grow fast during hot pressing, but little 
difference is observed between 2 and 4 hours hot-pressing time. 
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Fig. 3.1.11 CSD size distributions for Nano-CoSb3 ball milled and hot-pressed samples. 
 
 
Fig. 3.1.12 The original (a) and modified Williamson-Hall (b) plots of the integral widths for 
CoSb3 ball milled for 20 hours. Linear regression and coefficient of determination (R2) were 
provided. Note that C is a function of hkl. 
 
Regarding the dislocation densities, the original and modified Williamson-Hall plots are given 
in Fig. 3.1.12 (a) and (b) respectively, for the 20 hours as-milled CoSb3 from section 3.1.3.2. 
As can be seen from the better coefficient of determination (R2), the modified Williamson-Hall 
plot provides a slightly better linearisation of the data than the original W-H plot. This indi-
cates, that only little dislocation-caused broadening is observed. The values from the complete 
(modified) Williamson-Hall (WH) analysis for the 2 hours milled sample as well as for the two 
hot-pressed states are given in Table 3.1.3 together with the results for the 20 hours milled 
material as reference.  
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 Table 3.1.3 furthermore gives the coefficient of determination for the original (R2WH) and 
modified plots (R2mWH) as well as their ratio (R2mWH/R2WH). The values of R2 show a good lin-
ear behaviour for both plots (they agree within 3%) with the difference from R2 equal to one 
(perfectly linear) mainly originating from the low-intensity peaks. The results for the slope (α) 
of the linearisation of the modified WH-plot give information about the amount of disloca-
tions: α2 is proportional to the dislocation density. Taking the value of α2 of the 2 hours ball-
milled material (α2BM) as reference, the evolution of the dislocation density during hot pressing 
can be estimated via the ratio α2/ α2BM also given in Table 3.1.3. The dislocation density of the 
20 hours ball milled sample is only a factor 6 higher than for the one milled for 2 hours. Dur-
ing hot pressing of the latter, the amount of dislocations in the material reduces to more than 
1/2 after 2 hours and to 1/3 after 4 hours. Finally the volume averaged CSD size determined 
from the modified WH plot is given (dWH) in Table 3.1.3 as well. The values are in good 
agreement with the results from the SYSSIZE program. 
 
Table 3.1.3 Results from the modified Williamson-Hall analysis for Nano-CoSb3 samples. For 
a detailed interpretation see text. 
Parameter BM 20 h BM 2 h BM 2 h + HP 2 h 
BM 2 h 
+ HP 4 h 
R2WH 0.81 0.91 0.89 0.88 
R2mWH 0.85 0.89 0.91 0.91 
R2mWH/R2WH 1.05 0.98 1.02 1.03 
α2 (×10-8) 136 20.6 9.83 5.90 
α2/ α2BM 6.64 1.00 0.48 0.29 
dWH, nm 24.82 53.12 107.51 134.72 
 
3.1.3.5 Transport properties at high temperatures 
Electrical resistivity and thermopower as a function of temperature T for the reference sample 
MmFe4Sb12 and the composites are shown in Figs. 3.1.13 and 3.1.14. The reference sample 
and both nano-composites show a metallic like temperature dependence of the electrical resis-
tivity whilst the sample with macro oxide particles behaves as a semiconductor. All investi-
gated samples have positive Seebeck coefficients (Fig. 3.1.14) indicating holes as major charge 
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 carriers in these samples. Nano-sized samples have slightly enhanced thermopower when they 
are compared with the reference sample while the skutterudite with macro-size oxide particles 
shows a drastic degradation of the Seebeck coefficient.  
Measurements of thermal conductivity κ as a function of temperature T (Fig. 3.1.15) show that 
all oxide-containing samples have significantly lower thermal conductivity than the reference 
sample. The electronic thermal conductivity κelectron (Fig. 3.1.16a) was calculated from Wiede-
mann- Franz law κelectron = L0σT, where L0 = 2.45 x 10-8 V2 K-2 is the Lorenz number, σ is the 
electrical conductivity. The lattice thermal conductivity was obtained by subtracting the elec-
tronic component from the measured total thermal conductivity κ (Fig. 3.1.16b). Comparing 
Figs. 3.1.16a and b shows that κelectron is the main component; κlattice is found to be almost tem-
perature independent. It shall be noted that the lattice thermal conductivity for both nano-sized 
samples is lower than for the reference sample. This can be attributed to a high quantity of in-
situ oxide particles, limiting the lattice transport. As a result of such an influence, the figure of 
merit for the nano-composites (Fig. 3.1.17) is about 20% higher than for the reference sample. 
 
 
Fig. 3.1.13 Electrical resistivity of MmFe4Sb12 composites at high temperature. 
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Fig. 3.1.14 Seebeck coefficient of MmFe4Sb12 composites at high temperature. 
 
Taking into account that thermopower for all investigated compositions behaves almost line-
arly up to the 500 K range (Fig. 3.1.14), charge carrier densities were calculated from 
[2002Pas134435]: 
T
ne
mTS BDd 3/222
22
)3(
2)( π
κπθ h=>   (3.1.1) 
Taking m = me, which should hold at high temperatures for systems without significant elec-
tronic correlations, the charge carrier density is estimated to be n ≈ 2·1021 cm-3. These numbers 
appear to be larger than n required for good thermoelectric materials (1019 to 1020 cm-3). Thus 
further optimisation of the composition is needed. 
 
Fig. 3.1.15 Thermal conductivity of MmFe4Sb12 composites as a function of temperature. 
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Fig. 3.1.16a Electronic thermal conductivity as a function of temperature. 
 
 
Fig. 3.1.16b Lattice thermal conductivity as a function of temperature. 
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Fig. 3.1.17 Figure of merit ZT of MmFe4Sb12 composites as a function of temperature. 
 
3.1.4 Conclusions 
 
Formation and decomposition of CoSb3 and MmFe4Sb12 + MmxOy composites by ball milling 
were investigated systematically. Single-phase CoSb3 cannot be obtained by mechanical 
alloying from pure Co and Sb. CoSb3 decomposes into CoSb2 under dry milling in air and into 
CoSb under milling in cyclohexane. Rotation speed of the main disk, planetary ratio, ball size 
and ball to powder ratio significantly affect the amount of final phases. Under optimized 
conditions a crystallite size from 50 to 70 nm was obtained for 2 hours ball milling. Hot 
pressing at 600°C for 2 hours increases the crystallite size to 130 and 100 nm for CoSb3 and 
MmFe4Sb12 + MmxOy nano-composite, respectively. The grains of CoSb3 grew steadily and 
became micro-size after 90 hours annealing, while the grains of nano-composite grew very 
slowly and the crystallite size was still less than 200 nm after 600 hours of annealing.  
The results regarding the dislocation densities suggest that relatively few dislocations are pre-
sent even in the highly fragmented material. A reduced anisotropic strain broadening of the 
Bragg peaks can be attributed to low dislocation contrast or to a low dislocation density. The 
nano-sized oxide composite has a significantly lower lattice thermal conductivity resulting in 
ZT740K = 0.52 being about 20% higher than for the reference oxide-free macro-crystalline 
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 MmyFe4Sb12. Also, the composition of nano-composite was optimised for large-scale produc-
tion in oxidizing atmosphere. 
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 3.2 Thermoelectric performance of mischmetal skutterudites MmyFe4-
xCoxSb12 at elevated temperatures 
 
3.2.1 Introduction 
 
In order to improve the thermoelectric efficiency of the skutterudites typically four approaches 
are followed: (i) adjustment of charge carrier density via substitution of transition elements in 
the skutterudite lattice; (ii) decrease of thermal conductivity by filling the rare earth site by 
various elements, (iii) decrease of the grain size, and (iv) inclusion of impurity phases.  
Substitution of T in RyT4Sb12 by other transition metals, for example, Co or Ni substituting for 
Fe, reduces the thermal conductivity and consequently enhances ZT [1996Sal1325, 
1996Bor112, 1996Fle91, 1998Cha761, 2006Pen7, 2007Kim2446, 2008Mi225]. 
Mischmetal (Mm) is an alloy mixture of several light rare earth elements, i.e. La, Ce, Nd, and 
Pr, which is cheaper than individual rare earth metals. This fact is one of the most important 
aspects regarding commercial application. In addition, Mm multi-element filling in skutteru-
dite is supposed to enhance phonon scattering. Although thermoelectric properties for Mm-
filled skutterudites MmyFe4-xTxSb12 (T is Co and Ni) have been measured at low temperatures 
[2005Gry29, 2005Bou47, 2005Bou28, 2007Yan083702], no investigations were carried out at 
high temperatures.  
Nano-grained materials are reported to show enhanced TE properties due to reduced lattice 
thermal conductivity [2003Ber93, 2004Top1189, 2004Yan114, 2005Yu5763, 2006Zha052111, 
2007Dre1043, 2007Liu566, 2007Mi16, 2008Pou634], and in some cases, the power factor 
(S2/ρ) improved via higher Seebeck coefficients [2005Yu5763, 2006Zha052111, 
2007Dre1043]. Mechanical milling is a well-proven way to (i) prepare nano-grained materials 
with crystal imperfections and to (ii) introduce nano precipitates of secondary phases. A num-
ber of reports explain the influence of the precipitates on TE performance for the following 
phases: FeSb2 [2000Kat3484], fullerene [2004Shi2301, 2007Ito249, 2007Shi103709], CoSb3 
[2008Alb113707, 2008Mi205403] and InSb [2009Li102114]. Also oxide precipitates may 
reduce the lattice thermal conductivity, although the influence of oxides on ZT was not always 
beneficial. Katsuyama et al. [1999Kat348] reported the influence of MoO2 and Al2O3, Zhao et 
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 al. [2006Zha092121] showed that Yb2O3 enhances phonon scattering and increases ZT. Addi-
tionally, the effect of ceramics dispersed in nano-ZrO2/CoSb3 was investigated 
[2007He043707]. In situ Mm-oxide was employed (see Chapter 3.1) to prevent grain growth 
for nano-grained skutterudite composites during processing via ball milling (BM) and hot 
pressing (HP), as well as during long time heat treatment at 600 °C.  
Although impurities are unavoidable in some cases during sample preparation they may have 
some benefits. However, it is necessary to know the impurities and their influence on physical 
properties. The influence of excess Sb was studied in detail, usually leading to a decrease of 
the electrical resistivity and the Seebeck coefficient accompanied by an increasing thermal 
conductivity [1999Uch454, 2006Sti678, 2008Li202114]. Another interesting issue is the 
evaporation of excess Sb [2008He042108] during heat treatment, yielding a porous structure 
with improved ZT. Katsuyama et al. [2000Kat3484] introduced FeSb2 into skutterudite via ball 
milling observing reduced thermal conductivity without increased resistivity. 
In this chapter, we present data on high temperature thermoelectric properties of MmyFe4-
xCoxSb12 (x = 0 and 1), which are compared with corresponding compositions for CeyFe4-
xCoxSb12 skutterudites. Furthermore the influence of grain size and of various impurities on the 
thermoelectric efficiency of MmyFe4-xCoxSb12 will be analysed. 
 
3.2.2 Experimental procedures 
 
Starting materials were ingots of Mm (Ce-50.8%, La-28.1%, Nd-16.1%, Pr-5.0%, Treibacher 
Industrie AG, Austria), Fe, Co, and Sb (each of purity of 99.9 mass%, from Alfa Aesar, 
Karlsruhe, Germany). The compounds MmyFe4-xCoxSb12 were prepared by direct reaction of 
the elements, which were sealed under vacuum in quarz tubes, slowly heated at a rate of 
1°/min up to 950 °C in order to avoid extensive exothermal reaction of Mm and Sb, cooled 
down to 600 °C and annealed at this temperature for 3 days.  
In order to investigate the influence of the grain size on TE performance selected samples were 
hand milled (HM) in a tungsten carbide mortar to a grain size 40-100 µm. Hot pressing was 
performed under Ar atmosphere at 600 °C and 56 MPa. Further details on sample preparation 
are summarized in Table 3.2.1. 
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 For the investigation of CSD size distribution and dislocation density, we mainly use the 
mWH plots for the determination of the contrast factors. As was already presented in Chapter 
3.1, there is relatively little anisotopic strain broadening present in the present material. In 
order to obtain reliable fitting in the CMWP-software, the values for the contrast factors were 
fixed to those obtained from the mWH evaluation during fitting. With the low dislocation den-
sity present in the material, the dislocation arrangement parameter needed to be fixed as well. 
Harper et al. found preferred dislocation dipoles in Ce filled-CoSb3 [2001Har8]. Thus the 
corresponding parameter in the CMWP-routine was fixed accordingly. This way a reliable 
fitting, including proper instrumental correction was obtained.  
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Table 3.2.1:  Preparation detailsa) for MmyFe4-xCoxSb12 samples, characterization, physical properties and result of the fit by Eq. 3.2.2.  
Codeb)  y     x yn r PPA a [nm] Dens.c) SK MmSb2 Sb FeSb2 Mm2O3 (ZT)a (ZT)c1,2 (ZT)c3
S182mh1     0 1.4 0.86 GB 0.91403(3) 99.7 0.932 0.019 0.010 0 0.039 0.60 0.60 0.59 
S182mh2           0 1.4 0.85 GB 0.91420(4) 98.5 0.924 0.049 0 0 0.027 0.59 0.50 0.49
S183mh1           0 1.2 0.81 GB 0.91414(2) 96.0 0.882 0.010 0.010 0.068 0.030 0.57 0.58 0.62
S180mh2          0 1.2 0.74 GB 0.91431(3) 97.8 0.836 0 0.086 0.038 0.040 0.56 0.55 0.60
S183mh2           0 1.2 0.84 GB 0.91414(4) 99.8 0.927 0.020 0.020 0.010 0.023 0.49 0.63 0.63
S176h 0 1.1        0.76 GB 0.91370(5) 94.9 0.878 0.039 0.059 0.010 0.013 0.43 0.38 0.43
S160h2a           0 2.4 0.80 CH 0.9142(3) 91.5 0.787 0 0.035 0.052 0.126 0.32 0.29 0.29
S160h2           0 2.4 0.78 CH 0.91418(2) 91.1 0.803 0 0.044 0.026 0.127 0.30 0.32 0.30
S186mh           1 0.84 0.68 GB 0.91165(3) 96.1 0.936 0 0.020 0.030 0.014 0.86 0.78 0.76
S187h        1 0.82 0.68 GB 0.91158(2) 97.3 0.938 0 0.030 0.020 0.012 0.78 0.65 0.65
S188mh         1 1 0.70 GB 0.91192(3) 98.2 0.935 0 0.039 0 0.026 0.75 0.75 0.72
S185h          1 0.8 0.71 GB 0.91202(4) 95.0 0.972 0 0.020 0 0.008 0.68 0.71 0.69
S178mh           1 0.92 0.59 GB 0.91165(4) 99.9 0.874 0 0.019 0.078 0.029 0.64 0.67 0.67
S175h        1 0.88 0.68 Air 0.91163(3) 97.2 0.942 0 0.020 0.020 0.018 0.59 0.65 0.64
S178h        1 0.92 0.67 Air 0.91167(3) 96.3 0.910 0.030 0 0.050 0.010 0.50 0.51 0.50
S161h        1 1 0.70 Air 0.91172(3) 87.6 0.931 0.040 0.010 0.010 0.009 0.47 0.50 0.48
S141h         1 1.1 0.63 Air 0.91126(4) 93.7 0.857 0.010 0.096 0 0.036 0.42 0.44 0.47
S164h         1 1 0.68 Air 0.91161(4) 88.3 0.907 0.060 0.010 0.020 0.003 0.37 0.40 0.39
a) Description of the columns: code (m: ball milled, h: hot pressed, a: annealed at 600°C for 110h), yn and yr are nominal composition and after 
Rietveld refinement, PPA-powder preparation atmosphere (GB: Ar, glove box; CH: cyclohexane, Air: in air).  
b) a – lattice parameters; density (dens.) relative to X-ray density of impurity-free skutterudite; (ZT)a is the measured figure of merit averaged 
for temperature range from 300 K to 800 K subjected to fits; (ZT)c1, (ZT)c2, and (ZT)c3 is ZT calculated by Eq. 3.2.2 and by fitting parameters 
(Table 3.2.2) in set 1, set 2, and set 3 respectively; contents of skutterudite (SK), MmSb2, FeSb2, Sb and Mm2O3 are given in weight fractions. 
c) Den. is relative density. 
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 3.2.3 Results and discussion 
 
3.2.3.1 Transport properties of MmyFe4-xCoxSb12 at high temperature  
Fig. 3.2.1 compares high temperature transport properties for MmyFe4-xCoxSb12 with literature 
data for CeyFe4-xCoxSb12 for x=0 and x=1. The thermopower, S, of the Mm-based skutterudites 
is close to the values reported in literature for corresponding Ce-based compositions. The elec-
trical resistivity for MmyFe4-xCoxSb12 is significantly lower than reported for Ce-filled skut-
terudites [1996Sal1325, 1998Row323, 1996Fle91, 1995Mor3777] but the values for 
MmFe4Sb12 are very close to those reported for CeFe4Sb12 [2005Ber33710]. Differences in 
electric resistivity obtained by various authors for CeyFe4-xCoxSb12 may be originated as by 
different density (den.) of the samples (listed in Figs. 3.2.1c and d) as well as by different 
techniques for specimen densification. Considering these points it is difficult to compare 
intrinsic electrical resistivities for Mm- and Ce-filled skutterudites. However, we have to note 
that the electrical resistivity for ball milled and hand ground MmyFe4-xCoxSb12 samples show a 
slight difference that is attributed to the different density of the samples examined (Figs. 3.2.1c 
and d).  
For the thermal conductivities κ of MmyFe4-xCoxSb12 for x=0 and 1 (Figs. 3.2.1e and f) we 
observe a decrease of κ(T) with Co/Fe substitution similarly to that reported for CeyFe4-
xCoxSb12 [1996Sal1325, 2001Uhe139, 1996Fle91]. However, we can not directly attribute such 
a behaviour to phonon contribution in the heat transport. The lattice thermal conductivity κl at 
room temperature derived from the Wiedemann-Franz law κelectron = L0σT (where L0 = 2.44 × 
10-8 V2 K-2 is the Lorenz number, σ is electrical conductivity) ranges from 4 mW/cmK to 8 
mW/cmK for both compositions (x = 0 and x = 1). It seems that the decrease of the thermal 
conductivity observed with Fe/Co substitution is mainly due to a respective increase of the 
electrical resistivity of the samples (Figs. 3.2.1c and d). The thermal conductivity for MmyFe4-
xCoxSb12 agrees well with data published for low temperatures [2007Yan083702]. In fact the 
values for mischmetal-based skutterudites are very close to values reported for CeyFe4-
xCoxSb12 for x=0 [2005Ber33710] and x=1 [1996Fle91], however, they are significantly larger 
than thermal conductivities reported by [1996Fle91, 1995Mor3777] for CeFe4Sb12 (Figs. 3.2.1e 
and f).  
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Fig. 3.2.1 Temperature dependent transport properties for MmyFe4-xCoxSb12 and CeyFe4-
xCoxSb12  (x = 0, left column; x = 1, right column). The figure legends for x = 0 (left column) 
are denoted in figures (a) and (c); for x = 1 (right column) are denoted in figure (b). Relative 
density (den.) is noted. For sample codes see Table 3.2.1. 
 
The influence of mischmetal as multi-element filler of the skutterudite lattice was already no-
ticed by Yang et al. [2007Yan083702] comparing thermal conductivities of MmyFe4-xCoxSb12 
with CeyFe4-xCoxSb12 in the temperature range from 2 K to 300 K. Although no decrease of 
thermal conductivity was observed by changing the filler element from Ce to mischmetal, the 
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 thermoelectric performance of the Mm-based skutterudites at high temperatures was signifi-
cantly improved in comparison with CeyFe4-xCoxSb12 (Fig. 3.2.2). The observed increase of TE 
with the Ce/Mm substitution originates from an enhanced power factor of the mischmetal-
based materials (Figs. 3.2.2a and b). The influence of the grain size on TE performance is also 
evident: the figure of merit for MmFe4-xCoxSb12 with a crystallite size around ~100 nm (pre-
pared by ball milling) is higher than for the sample with micro-size grains (~100 µm, hand 
ground sample), however, ZT800K for both MmyFe3CoSb12 samples exceeds 1 (Fig. 3.2.2d). In 
order to estimate the TE performance of the material Eq. (3.2.1) is frequently used [2006Row]. 
h
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−+=
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11ηη     (3.2.1)  
It includes the Carnot efficiency, ηC, and ZTm for temperature Tm=(Th+Tc)/2, where Th and Tc 
is the temperature of hot side and cold side, respectively. However, such simplification does 
not well describe TE materials where the temperature dependence of ZT significantly deviates 
from linearity (see for example CeyFe4Sb12 [1996Fle91], Fig. 3.2.2c).  More accurate estima-
tion of efficiency may be obtained from Eq. (3.2.1) by using a ZT averaged for all temperature 
intervals (ZT)a under consideration. Furthermore, (ZT)a averages not only the temperature 
dependence of ZT but also the uncertainties for individual measurements at different 
temperatures, a fact which makes this parameter more suitable for the analysis in comparison 
with the frequently used ZT given at a particular temperature. Considering these points in 
forthcoming discussions we will refer to transport properties (ZT)a, Sa, ρa and κa that are aver-
aged for the temperate range from 300 K to 800 K in steps of 10 °. 
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Fig. 3.2.2 Temperature dependent power factor and figure of merit for MmyFe4-xCoxSb12 and 
CeyFe4-xCoxSb12  (x = 0, left column) (x = 1, right column). The figure legends for x = 0 (left 
column) are denoted in figures (a) and (c); for x = 1 (right column) are denoted in figures (b) 
and (d). For sample codes see Table 3.2.1. 
 
3.2.3.2 Influence of impurities and grain size on the thermoelectric performance of MmyFe4-
xCoxSb12  
In order to elucidate the influence of secondary phases and grain size on the TE performance 
of MmyFe4-xCoxSb12 we prepared 18 samples (Table 3.2.1) by varying starting compositions (y 
and excess of Sb) and parameters for powder preparation.  
Weight fractions of the phases in the specimens obtained, MmyFe4-xCoxSb12 (SK), MmSb2, 
FeSb2 and Sb, were derived from Rietveld X-ray refinements. Due to low scattering power for 
rare earth oxides in X-ray diffraction, it is difficult to define their fraction by Rietveld refine-
ments. Therefore the amount of the oxide was calculated as the difference between the amount 
of the rare earth in the starting composition and the corresponding amounts of MmyFe4-
xCoxSb12 and MmSb2 derived from Rietveld refinement of the sample. 
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 The figure of merit (ZT)a, plotted versus oxide content (Fig. 3.2.3a), shows a significant scatter 
of the data and one may speculate about an increase of the TE performance (dotted line in Fig. 
3.2.3a) for oxide concentrations around 2-4 wt.%. Despite there is no doubt about the influence 
of the lattice thermal conductivity regarding ZT (Fig. 3.2.4), the influence of the oxide precipi-
tates on the TE performance (Fig. 3.2.3a) has to be analysed in more detail, particularly, be-
cause of the presence of other impurities in these samples (Table 3.2.1). In order to analyse the 
influence of the multiple parameters the experimental (ZT)a data were fitted as a function of 
composition in weight fraction and of the BM parameter by: 
(ZT)a=Σ (Pi·Wi) + PCo xCo+ PBM BM      (3.2.2) 
where Pi are fitting parameters for phase i with a weight content of Wi (weight fraction); BM 
takes the value 1 for nano-grained samples (100-300 nm, ball milled samples) and 0 for sam-
ples with a grain size of 20-100 µm (HG samples). The least squares fit was performed for 
MmyFe4Sb12 (set 1), MmyFe3CoSb12 (set 2) and for all investigated compositions MmyFe4-
xCoxSb12 (x = 0 and 1, set 3). The fit parameters Pi and PBM together with reliability factors are 
listed in Table 3.2.2. ZT values calculated by using refined parameters are listed in Table 3.2.1 
and are labelled as (ZT)c1,2 (for sets 1 and 2), and (ZT)c3 for set 3. In Table 3.2.2, the first fit 
was performed for all parameters of the Eq. 3.2.1, whereas the second fit does not include 
those parameters that were found to be uncertain. Thus in all the sets the confidence interval 
for parameters PFeSb2 and PSb (Table 3.2.2) was found to be higher than the value of the pa-
rameter itself and therefore we can not reliably define a positive or negative influence of this 
phase on ZT. However, the influence of Sb and FeSb2 on the TE performance seems to be very 
small and probably positive at small concentrations of these phases. A negative influence was 
detected for MmSb2 and Mm2O3 impurities, whilst ball milling significantly improves the 
quality of the TE material. In order to present a real influence of the oxide on TE performance 
we subtract the PBM and PMmSb2 parameters from (ZT)a. The resulting average efficiency 
(ZT)a,oxide considers only the influence of Mm2O3 and the corresponding dependences (Fig. 
3.2.3b) show gradual decrease of the TE performance with increase of the oxide content in the 
samples. Although oxide particles distributed throughout the grains have been shown to im-
prove thermoelectric parameters [1999Kat348, 2006Zha092121, 2007He043707], our findings 
simply explain the fact that oxide particles in our samples are segregated at grain boundaries 
without enhancement of phonon scattering. However, the attained morphology in our samples 
prevents grain growth (see below). It should be noted that ball milling of the samples to nano-
scale size results in an improvement of (ZT)a by 20 % (see parameter PBM in Table 3.2.2). 
Despite this value is close to the error bar on ZT (for details see “Experimental Procedures”) 
the improvement by ball milling is established not by comparative measurements but by 
evaluation (least square fit, Tables 3.2.1 and 3.2.2) of measurements for 18 samples. The posi-
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 tive effect of ball milling on TE performance seems to be caused by enhanced electrical con-
tact between grains for samples compacted from nano powders. One can see (Table 3.2.1) that 
the density of these samples (from 96.1 to 99.9 %) is higher than for microcrystalline speci-
mens (from 88.3 to 97.3 %). Consistently the power factor shows a clear dependence from 
sample density (Fig. 3.2.5a). Despite porosity of the samples affects the electrical and thermal 
conductivities [2007He043707], the figure of merit has to be independent of sample density. 
Thus Fig. 3.2.5b represents the figure of merit (ZT)a0 which was calculated by subtraction of 
the influence of all impurities and ball milling parameters. The data obtained form two set of 
values (ZT)a,0 with 0.45(5) for MMyFe4Sb12 and  0.76(5) for MMyFe3CoSb12 (Fig. 3.2.5b). 
However, when the ball milling is used (PBM=0.16, Fig. 3.2.5c) one can see a distinct correla-
tion: high ZT values are observed for samples with density above 96 %, which are mainly pre-
pared by ball milling.  
 
Fig. 3.2.3 Dependence of the averaged figure of merit (ZT)a from the amount of oxide in the 
MmyFe4-xCoxSb12 samples. Fig. 3.2.4b represents (ZT)a,oxide after subtraction of the influence of 
MmSb2 and ball mill parameters (see PMmSb2 and PBM in Eq. (3.2.2) and Table 3.2.2) 
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Fig. 3.2.4 Dependence of (ZT)  from lattice thermal conductivity (κ ) of Mm Fe Co Sb . a l y 4-x x 12
 
Table 3.2.2: Fitting parameters (Eq. 3.2.2) for Mm Fe Co Sb with x = 0 (set 1), x = 1 (set 2), and x= 0, 1 (set 3). 
For result of the calculations see columns (ZT)  and (ZT)  in Table 3.2.1. 
y 4-x x 12 
c1,2 c3
Parameter Set 1: Mm Fe Sb , (ZT)  y
a
4 12  c1 Set 2: MmyFe3CoSb12, (ZT)c2 Set 3: MmyFe4-xCoxSb12, (ZT)c3 
PSK 0.4(3) 0.51(6) 0.82(5) 0.82(5) 0.72(8) 0.74(4) 
PMmSb2 1(4) -6(1) -6(1) -5 (1) -4.5(9) 
PFeSb2 1(1) - 1(1) - -0.5(7) - 
PSb 1(2) - 3(2) - -0.8(8) - 
PMm2O3 -2.0(8) -2.0(5) -13(5) -7(2) -2.8(7) -3.2(5) 
PBM 0.2(1) 0.16(6) 0.20(5) 0.16(4) 0.13(5) 0.11(4) 
PCo - - - - 0.04(5) - 
Chi 0.006 0.003 0.003 0.003 0.005 0.005 
R2 0.87 0.85 0.95 0.92 0.85 0.83 
- 
 
The fine grain structure of ball milled samples with oxide precipitation at the grain boundaries 
was found to be stable against aggregation at high temperatures. One can see (Fig. 3.2.6) that 
the crystallite size grows rapidly only during the first 100 hours of annealing at 600°C, after 
that the aggregation is significantly suppressed. The CSD size distribution of Mm1.4Fe4Sb12 
(S182mh2) obtained from the CMWP-fit is given in Fig. 3.2.7. The CSD size distribution of 
S182mh2 is kept in a much slimmer region than CoSb3 (see Chapter 3.1), which indicates that 
with 2.7 wt. % (Table 3.2.1) of Mm2O3 in situ precipitation suppressed the growth of nano 
particles sufficiently. Lots of small grains around 100 nm can be observed from the SEM 
photo (Fig. 3.2.7). 
Despite the simplicity of the fitting equation used, accounting only for a linear influence of the 
different parameters on TE efficiency of MmyFe4-xCoxSb12, comparison of (ZT)a and (ZT)c1,2,3 
(Table 3.2.1) shows rather good agreement between measured and calculated figures of merit. 
A more sophisticated analysis that would account for the influence of charge carrier densities 
with Fe/Co substitution (x) and filling fraction (y) requests a larger set of samples MmyFe4-
xCoxSb12, and this task is aimed for forthcoming investigations.  
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Fig. 3.2.5 Dependence of power factor (a) and averaged ZT (b and c) from sample density (for 
details see text). 
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Fig. 3.2.6 XPD crystallite size MmyFe4Sb12 with in situ oxide precipitation as a function of 
annealing time at 600°C. Sample codes are listed in Table 3.2.1. 
 
Fig. 3.2.7 SEM image of the fracture surface and the CSD size distribution for Mm0.85Fe4Sb12 
with 2.7 wt. % Mm2O3 comparing with those for CoSb3 prepared with same methods. 
Another possible parameter that can influence the thermoelectric properties is lattice defects 
(especially dislocations). In the present case no considerable dislocation density is found in the 
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 material, especially after hot pressing. As was already seen in Chapter 3.1, the dislocation den-
sity is on the lower limit of detection of X-ray line profile analysis. For the present samples, 
using the constraints mentioned in the experimental part, a dislocation density of the order of 
1012 m-2 was obtained. This is the same order of magnitude as for single crystals. Thus the 
dislocation structure can not be used to improve the thermoelectric effect in hot pressed skut-
terudites. 
 
3.2.4 Conclusions 
 
Thermoelectric properties of MmyFe4-xCoxSb12 with x=0 and x=1 (Mm is mischmetal i.e. Ce-
50.8%, La-28.1%, Nd-16.1%, Pr-5.0%) were measured within the temperature range from 300 
K to 800 K and were compared with literature data for corresponding CeyFe4-xCoxSb12.  
No decrease of the thermal conductivity at high temperatures was observed upon changing 
from a single filler atom (Ce) to a multi-element filler (Mm). The electrical resistivity of 
MmyFe4-xCoxSb12 was found to be lower than or similar to that of CeyFe4-xCoxSb12. As a conse-
quence the figure of merit for MmFe3CoSb12 exceeds 1 at temperatures above 600K.  
The influence of preparation conditions and weight fraction of the impurity phases on thermoe-
lectric performance of MmyFe4-xCoxSb12 was investigated by least square fits of multiple pa-
rameters. It was shown that FeSb2 and Sb have little effect on the figure of merit whilst the 
presence of MmSb2 and of oxides reduce the thermoelectric performance of MmyFe4-xCoxSb12 
skutterudite when these particles are segregated at the grain boundaries. The decrease of the 
crystallite size from micro scale (20-100 µm) to nano-scale (100-300 nm) in all cases improves 
the figure of merit by about 20 %. Dislocations have no contribution to TE performances of 
hot pressed samples, since dislocation density was revealed as low as 1012 m-2. 
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 3.3 High thermoelectric performance of triple filled n-type skutterudites 
(Sr,Ba,Yb)yCo4Sb12 
 
3.3.1. Introduction 
 
Alkaline and alkaline-earth elements as single filler atoms in CoSb3-based n-type skutterudites 
have been widely investigated in the past such as, K [2006Pei221107, 2006Zha112105, 
2007Pei180], Sr [2006Zha053711, 2008Zha7470], Ba [2001Che1864, 2001Tan3343, 
2002Dyc3698, 2002Che197, 2003Kaj81], or Ca [2003Puy56, 2004Puy4852, 2006Puy035126, 
2008Cen012010]. The highest filling fraction was encountered in Ba-containing compounds 
and consequently Ba-filled and Ni-substituted samples yield high ZT [2001Tan3343]. Sr as a 
smaller homologue of Ba showed TE properties similar to Ba. Other alkaline-earth elements 
such as Li, Rb, or Cs may not be suitable rattlers in skutterudite due to too small or too large 
radii [2008Mei045202].  
From magnetic susceptibility measurements in YbFe4Sb12, Yb was found to be in an interme-
diate valence state [1998Dil6287, 1999Lei395, 2003Ber18]. Yb valence in the Ce1-yYbyFe4Sb12 
solid solution linearly changes from 2.16 for Yb0.93Fe4Sb12.08 to 2.71 for Ce0.85Yb0.05Fe4Sb12.06 
[2003Ber18]. Consequently many interesting results were shown in Yb-filled CoSb3-based 
skutterudites [2000Bau483, 2000Ann47, 2000Nol1855, 2002AnnG24, 2005Lam113715, 
2007Gen022106, 2007Li193, 2008Li252109, 2009Li145409] due to the fluctuating ground 
state of Yb-ions, which lead to a high thermopower and a relatively low electrical resistivity. 
Furthermore, the small ionic radius enhances the amplitude displacements in the voids of the 
skutterudite structure. A figure of merit ZT > 1 was achieved for YbyCo4Sb12 [2000Nol1855, 
2007Li193, 2008Li252109, 2009Li145409]. 
It was shown that even a small amount of filling fraction significantly reduces the thermal 
conductivity in CoSb3-based skutterudites [1997Uhe315, 1998Nol164]. Therefore it is interest-
ing to enhance the impact of rattlers through filling the skutterudite structure with several dif-
ferent elements, which have various ionic radii, mass and atom vibration frequencies. As a 
consequence, higher TE performances were recently achieved in multi-filled skutterudites 
[1998Row323, 2005He, 2005Lu106107, 2006Bai145, 2007Pei621, 2007Yan192111, 
2007Zha113708, 2008God403, 2008Shi182101, 2008Uhe1044, 2009Li102114, 2009Li105408, 
2009Shi930]. These investigations have proved the strategies to (i) reduce the lattice thermal 
conductivity via enhanced phonon scattering by complex atom filling and to (ii) reduce electri-
cal resistivity through additional doping. Double filled CoSb3-based skutterudites in previous 
studies showed that higher ZT values were reached not only because of the lower thermal con-
ductivity but also due to improvement of the power factor (S2/ρ). These investigations were 
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 concerned with (Sr,Yb)yCo4Sb12 [2006Bai145], (Sr,Ba)yCo4Sb12 [2007Yan192111] and 
(Ba,Yb)yCo4Sb12 [2008Shi182101, 2008Uhe1044]. The improvement of the power factor in 
the afore-mentioned double-filled compounds may be interpreted by the specific influence of n 
and m* on both the electrical resistivity and thermopower [2007Pei621]. The filler elements Ba 
and Yb have a large difference in their atom resonance frequencies, which was demonstrated 
to be a better way to lower lattice thermal conductivity κl than via filler elements with different 
ionic radii but similar resonance frequencies, such as for Ba and Sr [2007Yan192111]. Effect 
of the triple filling was recently investigated for (Eu,Ba,Yb)yCo4Sb12 and compared with 
(Ba,Yb)yCo4Sb12 [2009Shi930]. Although in both series ZT were found to be above 1.3 (at 
800K), no obvious improvement of TE performance by this kind of triple filling was found. 
From the above mentioned literature data on the development of n-type skutterudite based 
thermoelectrics one can see that ZT values above 1 can be achieved in laboratory conditions 
for single filled BayCo4Sb12 [2001Che1864], double filled (Ba,Yb)yCo4Sb12 [2008Shi182101], 
and triple filled (Eu,Ba,Yb)yCo4Sb12 [2009Shi930] compositions. However, one of the reasons 
that prevent commercial production of these materials is the price for high purity elements (> 
99.999 mass%). Therefore, the present investigation focuses on the preparation of n-type skut-
terudites from low grade materials (<99.9 mass%) considering the single- and double- filled 
compositions with the best TE properties reported in literature. In order to maintain high TE 
performance, the investigations are extended to triple-filled compositions (Sr,Ba,Yb)yCo4Sb12.  
 
3.3.2 Experimental procedures 
lloys with a weight of 8 grams each were prepared by melting from pieces of Sr, Ba (99+ 
 
A
mass%, Sigma-Aldrich, Germany) and Yb (99.9 mass%, Rhône-Poulenc, Shelton, CT, USA), 
Co powder (99.9 mass%, particle size <150µm, Sigma-Aldrich, Germany) and Sb ingot (99.8 
mass% metals basis, Alfa Aesar, Germany) in evacuated silica ampoules. Considering the exo-
thermic reaction between electropositive elements (Sr, Ba and Yb) and antimony at high tem-
peratures, the samples were prepared in two steps. In the first step cobalt powder was melted 
with antimony pieces for 4 hours at 1000°C. The product was found in state of shiny ingots but 
the wall of the silica ampoule was coated with white amorphous materials, which were not 
observed when antimony with higher purity is used. During melting the samples loose about 
0.3 % of their original weight due to evaporation of impurities from low-grade antimony. The 
purified precursor was then sealed in an evacuated silica ampoule with pieces of Sr, Ba and Yb 
and heated at 550°C for 4 days. During this heat treatment the electropositive elements com-
pletely interact with antimony vapour under formation of a fine powder. Subsequently the 
ampoule with the pre-reacted material was slowly heated to 720°C at a rate of 0.5-1 °C/min in 
order to suppress the exothermic reaction with the antimony-rich liquid. Further heating to 
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 980°C was performed at the maximal possible heating rate (about 5 °C/min) and after a soak-
ing period of 10 min the sample was air-quenched in horizontal position.  
With the assumption that scattering is dominated by energy independent scattering 
S = 
[1964Cut1143], the approximate effective mass of the carriers is calculated from equation 
(3.3.1) [2008Sny105]:  
3/2*
228 TkB ππ
2 )3
(
3 n
m
qh
      (3.3.1) 
entration, m* is the effective mass of the carrier, kB is the Boltzmann 
ees Chapter 3.2.  
.3.3. Results and discussion 
.3.3.1 Transport properties of BayCo4Sb12 at high temperature  
 Ba0.23Co4Sb12 in comparison 
where n is the carrier conc
constant, h is the Planck constant, and q is the elementary charge. The calculated dS/dT (300 < 
T < 350 K) and the measured n were used to determine m*.  
The method for calculation of thermoelectric efficiency (η) s
 
3
 
3
Fig. 3.3.1 displays the temperature dependent TE properties of
with literature data for Ba0.24Co4Sb12 [2001Che1864]. Despite the similar trend for ther-
mopower and resistivity of these samples, the temperature dependent thermal conductivities 
(Fig. 3.3.1c) show a completely different behaviour. Distinct differences of κl at low tempera-
tures are evident, whilst κl for both samples and high temperatures are in range from 7 to 9 
mW/cmK. Such a difference in the behaviour may be attributed to grain size effects as well as 
to different mechanisms for phonon scattering at impurities introduced by the low grade start-
ing materials. It is noteworthy that this sample shows an enhancement of ZT over almost the 
entire temperature range investigated (300 – 750 K). Consistently the thermoelectric efficiency 
of Ba0.23Co4Sb12 (η = 10.5 %) is higher than that of Ba0.24Co4Sb12 (η = 8.1 %) and this increase 
of the TE performance mainly originates from the high power factor of the ball-milled sample.  
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Fig. 3.3.1 Temperature dependences of the Seebeck coefficient (a), the electrical resistivity (b), 
the thermal conductivity (c) and ZT (d) of BayCo4Sb12 (filled circles refer to y = 0.23) in 
comparison to literature data (gray line) with y = 0.24 [2001Che1864]. 
 - 74 - 
  
Fig. 3.3.2 Thermoelectric properties of (Ba0.5Yb0.5)yCo4Sb12 (y = 0.06, 0.12, 0.20, 0.26) as a 
function of temperature. Legend in (d) refers to all panels. 
 
 
3.3.3.2 Transport properties of (BaYb)yCo4Sb12 at high temperature 
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 Temperature dependencies of transport properties for double-filled (Ba0.5Yb0.5)yCo4Sb12 (y = 
0.06, 0.12, 0.20, 0.26) are compared (Fig. 3.3.2) with literature data [2008Shi182101] for y ≈ 
0.17 as Ba0.08Yb0.09Co4Sb12 is hitherto the best performing Ba double-filled n-type TE material. 
In order to compare TE properties for different samples and different temperatures, values for 
S, ρ, κ, κl and ZT have been arithmetically averaged for the temperate range from 300 K to 
800 K in steps of 10 degrees. Resulting values Sa, ρa, κa, (κl)a and (ZT)a, and their composi-
tional dependences are shown in Figs. 3.3.3 and 3.3.4. 
One can see that the absolute values Sa (Fig. 3.3.3a) exhibit a well-developed maximum at 
y=0.12, corresponding to a carrier concentration n = 1.49×1020 cm-3 (Table 3.3.1). Further in-
crease of carrier density to 3.47×1020 cm-3 at y=0.26 results in a significant decrease of Sa. 
On the other hand, the electrical resistivity (Fig. 3.3.3b) smoothly decreases with increase of y 
and for y=0.26 the resistivity of the sample is about 2 times lower than that for y = 0.06.  
The thermal conductivity κ (Fig. 3.3.3c) of (Ba,Yb)yCo4Sb12 decreases with increase of y and 
reaches the minimum value for y = 0.2, being in line with literature data for y = 0.17 
[2008Shi182101]. The compositions with y<0.20 (Fig. 3.3.2c) have much lower κ when com-
pared with single filled Ba0.23Co4Sb12 (Fig. 3.3.1c). However, κ increases for y = 0.26 due to 
the very low electrical resistivity of this sample shown in Fig. 3.3.2b. Substantial contributions 
of the electrons to the thermal conductivity at high temperatures are well reflected in the slope 
of dκ/dT (Fig. 3.3.2c) which increases with y due to respective decrease of the electrical resis-
tivity in the solid solution (Fig 3.3.3b). Also important, the average lattice thermal conductiv-
ity (κl)a, (Fig. 3.3.3c) decreases rapidly with increasing y and reaches saturation when y is 
about 0.2. Such a compositional dependence of the thermoelectric properties in the solid solu-
tion identifies the composition range 0.12<y<0.2 for maximum thermoelectric performance 
(Fig. 3.3.4). Altogether, the samples (Ba,Yb)0.2Co4Sb12 and (Ba,Yb)0.12Co4Sb12 have almost the 
same temperature dependence of ZT over the entire temperature range (Fig. 3.3.2d) and almost 
the same average ZT (Fig. 3.3.4a). Being prepared from low grade starting materials these 
samples show a high TE performance which is only slightly lower than that reported for high 
grade (Ba,Yb)0.17Co4Sb12 [2008Shi182101]. 
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Fig. 3.3.3 Average values of the electrical resistivity ρa, the Seebeck coefficient Sa, and the 
lattice thermal conductivity (κl)a of (Ba0.5Yb0.5)yCo4Sb12 (filled circles) (y = 0.06, 0.12, 0.20, 
0.26) as a function of filling fraction y. Literature data for Ba0.08Yb0.09Co4Sb12 (y ≈ 0.17) 
[2008Shi182101] are denoted by crosses. 
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Fig. 3.3.4 Average value of (ZT)a and efficiency η for (Ba0.5Yb0.5)yCo4Sb12 (filled circles) (y = 
0.06, 0.12, 0.20, 0.26) as a function of filling fraction y. Literature data for Ba0.08Yb0.09Co4Sb12 
(y ≈ 0.17) [2008Shi182101] are denoted by crosses. 
 
Table 3.3.1 Transport parameters and TE efficiency for (Yb,Sr,Ba)yCo4Sb12 n-type skutteru-
dites. Sa, ρa, and κa are averaged S, ρ, and κ in the temperature range from 300 K to 800 K. n, 
µ, m*/m0, and relative density (den.) are room temperature values. 
Composition / Parameter Sa ρa κa η n*1020 µ m*/m0 den. 
 µV/K µΩcm mW/cmK % cm-3 cm2/Vs  % 
Ba0.23Co4Sb12 -146.8 417 43.8 10.5 - - - 99.5 
(Sr0.1Yb0.1)Co4Sb12 -148.3 942 37.1 6.5 -1.59 106 0.70 98.9 
(Ba0.1Yb0.1)0.75(Sr0.1Yb0.1)0.25Co4Sb12 -163.4 424 31.1 13.8 -1.42 116 0.93 99.4 
(Ba0.1Yb0.1)0.25(Sr0.1Yb0.1)0.75Co4Sb12 -157.4 436 32.0 13.8 -1.41 116 0.87 99.6 
(Ba0.1Yb0.1)0.5(Sr0.1Yb0.1)0.5Co4Sb12 -157.6 445 33.5 13.3 -1.54 103 0.81 99.8 
(Ba0.5Yb0.5)0.26Co4Sb12 -127.8 346 43.6 9.8 -3.47 65 1.44 99.8 
(Ba0.1Yb0.1)Co4Sb12 -155.5 642 25.9 12.1  -2.24 59 1.21 90.3 
(Ba0.5Yb0.5)0.12Co4Sb12 -181.0 712 32.6 12.1 -1.49 77 1.04 98.7 
(Ba0.5Yb0.5)0.06Co4Sb12 -141.8 1068 34.7 5.8 - - - 99.2 
 
3.3.3.3 Transport properties of (Ba0.1Yb0.1)1-z(Sr0.1Yb0.1)zCo4Sb12 at high temperature 
In view of the data obtained for thermoelectric efficiency of the single- and double-filled skut-
terudite on maximum thermoelectric performance at filling fraction ~ 0.2, a series of samples 
was prepared with compositions (Ba0.1Yb0.1)1-z(Sr0.1Yb0.1)zCo4Sb12 (z = 0, 0.25, 0.5, 0.75, 1) 
introducing triple filling. In order to keep compositions as close as possible to the tie line 
(Ba0.1Yb0.1)Co4Sb12 – (Sr0.1Yb0.1)Co4Sb12, these samples were prepared by mixing of precursor 
compositions (Ba0.1Yb0.1)Co4Sb12 and (Sr0.1Yb0.1)Co4Sb12 in the ball mill. Conditions for densi-
fication were the same as used for single- and double-filled materials. 
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 The lattice parameters a of (Ba0.1Yb0.1)1-z(Sr0.1Yb0.1)zCo4Sb12 (z = 0.25, 0.5, 0.75, 1) and 
Ba0.23Co4Sb12 as a function of Ba content are shown in Fig. 3.3.5. With a filling content in-
creasing from 0 to 0.23, the unit cell parameters increase from 0.90568(4) nm for 
(Sr0.1Yb0.1)zCo4Sb12 to 0.90675(2) nm for Ba0.23Co4Sb12 being in line with the difference of the 
atomic radii of the elements. Since Ba and Sr are alkaline earth homologues with very similar 
chemical behaviour, effective charge, electronic density of state (DOS) [2007Shi235208] and 
almost the same calculated resonance frequency ω [2007Yan192111], one would expect only a 
small influence of such triple filling on the thermoelectric performance of the solid solution. 
An effect may be expected, however, from the difference in atomic masses and size of these 
filler elements. Figures 3.3.6, 3.3.7, and 3.3.8 compare thermoelectric properties of the solid 
solution (Ba0.1Yb0.1)1-z(Sr0.1Yb0.1)zCo4Sb12 with its end members (Ba0.1Yb0.1)Co4Sb12 and 
(Sr0.1Yb0.1)Co4Sb12. Table 3.3.1 summarises room temperature densities, masses and mobility 
for carriers in the system. From the carrier effective mass m*/m0 (see Table 3.3.1), one may 
interpret the phenomenon: although Sr and Ba have very similar DOS in CoSb3 
[2007Shi235208], (Ba0.1Yb0.1)Co4Sb12 reveals higher thermopower than (Sr0.1Yb0.1)Co4Sb12 
(Figs. 3.3.6a and 3.3.7a)  
 
 
Fig. 3.3.5 Lattice parameters of (Ba0.1Yb0.1)1-z(Sr0.1Yb0.1)zCo4Sb12 (z = 0.25, 0.5, 0.75, triangles 
and z = 1, square), and Ba0.23Co4Sb12 (circle) as a function of Ba content. 
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Fig. 3.3.6 Thermoelectric properties of (Ba0.1Yb0.1)1-z(Sr0.1Yb0.1)zCo4Sb12 (z = 0, 0.25, 0.50, 
0.75, 1) as a function of temperature. Legend in (a) refers to all panels. 
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Fig. 3.3.7 Compositional dependences for averaged electrical resistivity ρa (a), Seebeck 
coefficient Sa (b), and lattice thermal conductivity (κl)a (c), of (Ba0.1Yb0.1)1-z(Sr0.1Yb0.1)zCo4Sb12 
(z = 0, 0.25, 0.50, 0.75, 1). 
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Fig. 3.3.8 Average values of ZT and efficiency η of (Ba0.1Yb0.1)1-z(Sr0.1Yb0.1)zCo4Sb12 (z = 0, 
0.25, 0.50, 0.75, 1) as a function of composition. 
 
 
Fig. 3.3.9 Dependences of resistivity on carrier density (a) and effective mass (b). Solid circles 
denote double-filled samples and triangles denote triple-filled samples. 
 
The electrical resistivity (Fig. 3.3.6b) of triple-filled samples (z = 0.25, 0.5, 0.75) is obviously 
lower than for the double-filled samples (z = 0, 1). Concerning the averaged value ρa a clear 
tendency of decline is seen for double-filled samples, with respect to the dependence on n (Fig. 
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 3.3.9a) as well as on m*/m0 (Fig. 3.3.9b). It is notable, however, that in both dependencies, ρ(n) 
and ρ(m*/m0), the triple-filled samples break away from the track of double-filled samples. 
The compositional dependence of the average ρ (Fig. 3.3.7b) hints to a significant increase of 
electrical conductivity for triple-filled compositions. The values of specific heat of the triple-
filled compositions (Fig. 3.3.10) are markedly lower than that of double-filled ones, which has 
a significant effect on heat transport. Despite (Ba0.1Yb0.1)Co4Sb12 owns the lowest κ (Fig. 
3.3.6c) triple filling results in a clear suppression of κl (Figs. 3.3.6d and 3.3.7c). It is interest-
ing that, although ω of Sr and Ba have only a small difference of ∆ω0 = 300 m-1 in both the 
[111] and [100] directions [2007Yan192111], the average lattice thermal conductivity (κl)a 
(Fig. 3.3.7c) does reduce with increasing Sr content and an inflexion point appears. (κl)a in-
creases sharply to a relatively big value when the filling mode changes from triple to double 
filling. As pointed out by Uher et al. [2008Uhe1044], κl is useful only for comparative reasons 
because it may be lower than the true κl due to the lack of a precise Lorenz number.  
Owing to the excellent behaviour in S, ρ, and κ, all the three triple-filled samples exhibit an 
improvement of ZT and efficiency of about 15-20 % (Figs. 3.3.6e and 3.3.8) when compared 
with corresponding double-filled material. 
 
Fig. 3.3.10 Temperature dependences of specific heat (Cp) for various samples (Ba0.1Yb0.1)1-
z(Sr0.1Yb0.1)z Co4Sb12. 
 
3.3.4 Conclusions 
 
The influences of single, double, and triple filling (Yb, Sr and Ba) on the transport properties 
in CoSb3-based samples with best TE performance (and very close filling level) have been 
evaluated (Fig. 3.3.11). A significant suppression of κl is achieved by an increase of the num-
ber of filling elements. The highest power factor appears in triple filled 
(Ba0.1Yb0.1)0.25(Sr0.1Yb0.1)0.75Co4Sb12, whereas single filled Ba0.23Co4Sb12 has higher S2/ρ than 
double filled (Ba,Yb)0.2Co4Sb12 forming a sequence S2/ρ (triple filling) >  S2/ρ (single filling) > S2/ρ (double 
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 filling) (Fig. 3.3.11c). However, the sequence of figure of merit ZT(triple filling) > ZT(double filling) > 
ZT(single filling) (Fig. 3.3.11f) is different because of its strong correlation with κl (Figs. 3.3.11e 
and 3.3.12) that seems to be a dominant factor in the determination of the efficiency of filled 
skutterudites. Thus, both η (and ZT) increase with increasing lattice thermal resistivity (1/κl) 
and maximum efficiencies may be obtained for 1/κl > 0.2 cmK/mW providing one more ex-
perimental evidence for the PLEC-concept “Phonon Lattice and Electron Crystal” – introduced 
by Glen Slack in 1995 for novel thermoelectric materials [1995Sla407]. 
 
 
Fig. 3.3.11 Comparison of thermoelectric properties for best single-, double- and triple-filled 
compositions (Sr,Ba,Yb)Co4Sb12. Legend in (a) refers to all panels. 
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Fig. 3.3.12 Thermoelectric efficiency (η) as a function of lattice thermal resistance (1/(κl)a). 
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 3.4 Filling-ratio and filler element-dependent thermoelectric proper-
ties and the influence of Ni-substitution on multi−filled cobalt anti-
monide. 
 
3.4.1 Introduction 
 
In Chapter 3.3, we have synthesized high ZT triple−filled skutterudites from low-grade Sb 
(99.8 mass%) at a cheaper price than high-grade 4N-material. The results have confirmed the 
multi−filling strategies: triple−filled (Ba,Sr,Yb)yCo4Sb12 achieves distinctly lower electrical 
resistivity and lower lattice thermal conductivity than single−filled BayCo4Sb12 and dou-
ble−filled (Ba,Yb)yCo4Sb12. Furthermore the results in Chapter 3.2 show that Mm, at a price 
lower than that of single rare earths, can be used to replace Ce as fillers for skutterudites with 
the same or even better TE performances. In addition, it is well known that Ni-doping in 
CoSb3−based skutterudites not only controls the conduction type but also enhances ZT through 
reduction of both electrical resistivity and thermal conductivity [1957Dud212, 1999Ann3780, 
2000UheZ10, 2002Dyc3698, 2002Dyc115204, 2004PuyS4, 2005Kit449, 2005Puy83712]. 
However, so far there is no investigation on the impact of Ni on multi−filled skutterudites yet.  
Therefore the aims of the this chapter are: (i) to use Mm instead of Yb and 99.8 mass% Sb in 
order to reduce material costs, (ii) to study the influence of various additional alkaline earth 
fillers (Ca, Sr, or Ba) on the TE properties of Mm−filled Co4Sb12, (iii) to investigate the influ-
ence of Ni-doping on TE performances for Ca0.2Mm0.2Co4Sb12 exploiting the large difference 
of atomic mass between Mm and Ca. Since the filling fraction (FF) limit of Ce is half of that of 
Yb in Co4Sb12 [1997Mor7376, 2005Shi185503], multi−filled 
(Ca0.33Sr0.33Ba0.33)0.2Mm0.2Co4Sb12 was introduced to compensate the disadvantage. Although 
Mm contains four different rare earth elements, for convenience we may take it as a single-
filler. Fig. 3.4.1 displays the schematic diagram of the nominal composition for the double−, 
triple−, and quadruple−filled skutterudites and the extended “x” axis refers to the x value (Ni 
content) for Ca0.2Mm0.2(Co1-xNix)4Sb12. For all compositions, the nominal filling value (the 
amount of alkaline earth and rare earth) was set to 0.4. This value was optimised in Chapter 
3.3, where the highest ZT appears for the sample with a nominal filling value 0.3-0.4 (the total 
FF from Rietveld refinement was 0.2). Additionally, ball milling and hot pressing were em-
ployed for preparation considering a significant increase of ZT for nanostructured materials 
(see previous chapters). 
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Fig. 3.4.1 Schematic diagram of nominal composition. The red circles represent the composi-
tions of the compounds. The “x” axis extended from the triangle phase diagram denotes the x 
value in Ca0.2Mm0.2(Co1-xNix)4Sb12 and increases from right to left. 
 
3.4.2 Experimental procedures 
 
Alloys with a weight of 8 g each were prepared by melting pieces of Ca, Sr, Ba (99+ mass%, 
Sigma-Aldrich, Germany) and Mm (Ce-50.8%, La-28.1%, Nd-16.1%, Pr-5.0%, Treibacher 
Industrie AG, Austria), Co powder (99.9 mass%, particle size <150µm, Sigma-Aldrich, Ger-
many), Ni-wire (99.9 mass%, from Alfa Aesar, Germany), and Sb-ingot (99.8 mass% metals 
basis, Alfa Aesar, Germany) in evacuated silica ampoules at 980°C. For details see Chapter 
3.3.2. After melting the specimens were ball milled for 1 hour at 200 rpm (main disc) and –500 
rpm (vessels). The milled powders were hot pressed at 600°C and 56 MPa during 2 hours. 
The filling fraction derived from Rietveld refinements based on the assumption that the ratio of 
the filling fraction for filler elements is proportional to their ratio in nominal composition. 
Arithmetically averaged values for S, ρ, S2/ρ, were calculated for the temperate range from 
300 K to 800 K in steps of 10 degrees, resulting in Sa, ρa, (S2/ρ)a; κ, κl, and ZT were calculated 
from 300 K to 500 K in steps of 10 degrees, resulting in averaged values κa, (κl)a, and (ZT)a. 
 
3.4.3 Results and discussion 
 
X-ray powder diffraction data (XPD) prove a single-phase skutterudite for all samples. The 
relative density for all the samples is better than 98.8 %. 
 
3.4.3.1 Influence of multi-filling on TE properties 
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 The nominal composition and the filling fraction obtained from Rietveld refinement are listed 
in Table 3.4.1 for (Ca,Sr,Ba)yMmyCo4Sb12, (Ca0.5Sr0.5,Ca0.5Ba0.5,Sr0.5Ba0.5)yMmyCo4Sb12, and 
(Ca0.33Sr0.33Ba0.33)0.1Mm0.1Co4Sb12. Transport properties for these compounds are given in Fig. 
3.4.2 and their averaged values are displayed in Fig. 3.4.3.  
The Seebeck coefficient (Figs. 3.4.2a and 3.4.3a) for triple and quadruple filling is slightly 
larger than for double filling (except for Ca0.1Mm0.1Co4Sb12). It should be noted that ρ (Figs. 
3.4.2b and 3.4.3b) for triple filling is significantly lower than in case of double and quadruple 
filling (except for Sr0.1Mm0.1Co4Sb12). Since the differences in FF for all these samples are 
smaller than 0.04, the low electrical resistivity benefits from triple filling, which was also seen 
in Chapter 3.3 result that triple−filled (Sr,Ba,Yb)yCo4Sb12 displays a distinctly lower electrical 
resistivity than single− and double−filled skutterudites. Thus, the three largest power factors 
(Figs. 3.4.2c and 3.4.3c) appear in triple filled samples.  
The temperature dependent κ, shown in Fig. 3.4.2d, demonstrates the impact of multi−filling 
on κ: κ(quadruple) < κ(triple) < κ(double). The differences are clearly seen in the averaged 
thermal conductivity κa (Fig. 3.4.3d). The values for triple and quadruple filling are compara-
ble to data reported for (Ba,Ce)yCo4Sb12 [2009Bai3135] and (Ca,Ce)yCo4Sb12 [2009Li105408]. 
Nevertheless, κ is higher than the value for (Ba,Yb)yCo4Sb12 [2008Shi182101]. This result 
might have originated from the influence of the rare earth filler elements (Yb and Ce), which 
will be discussed below. Filling fractions for Mm in Chapter 3.3 are ~ 0.1, comparable to Ce in 
Ba0.18Ce0.05Co4Sb12.02 [2009Bai3135] and Ba0.08Yb0.09Co4Sb12.12 [2008Shi182101]. The lattice 
thermal conductivity (Figs. 3.4.2d, 3.4.3e and Table 3.4.1) appears in two groups: triple and 
quadruple filling form one group at lower values compared to the second group of double 
filled materials. As a consequence the three triple−filled skutterudites 
(Sr0.5Ba0.5)0.1Mm0.1Co4Sb12, (Ca0.5Sr0.5)0.09Mm0.09Co4Sb12, and (Ca0.5Ba0.5)0.09Mm0.09Co4Sb12 
show the highest ZT over the full temperature range (Figs. 3.4.2e and 3.4.3f); quadruple−filled 
(Ca0.33Sr0.33Ba0.33)0.1Mm0.1Co4Sb12 only reaches the second highest ZT.  
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 Table 3.4.1: Filling fraction FF, lattice parameter a, and transport parameters for Ca0.2Mm0.2(Co1-xNix)4Sb12 and multi−filled (Ca,Sr,Ba,Mm,Yb)yCo4Sb12 n-
type skutterudites. Sa, ρa, κa, and (κl)a are averaged S, ρ; κ, and κl. For details see text (Chapter 3.4.2).  
 
Nominal composition Composition  FF Sa ρa κa (κl)a a 
 from Rietveld refinement  µV/K µΩcm mW/cmK  mW/cmK nm 
Ca0.2Mm0.2Co4Sb12    Ca0.1Mm0.1Co4Sb12 0.20 -194 1029 47.0 36.0 0.90418(3)
Ca0.2Mm0.2Co3.96Ni0.04Sb12      Ca0.08Mm0.08Co3.96Ni0.04Sb12 0.16 -196 1644 41.0 35.1 0.90411(2)
Ca0.2Mm0.2Co3.92Ni0.08Sb12      Ca0.09Mm0.09Co3.92Ni0.08Sb12 0.18 -172 1173 48.2 39.4 0.90439(2)
Ca0.2Mm0.2Co3.88Ni0.12Sb12      Ca0.08Mm0.08Co3.88Ni0.12Sb12 0.16 -158 1047 47.8 38.0 0.90436(3)
Ca0.2Mm0.2Co3.84Ni0.16Sb12      Ca0.075Mm0.075Co3.84Ni0.16Sb12 0.15 -149 975 43.1 32.6 0.90439(2)
Ca0.2Mm0.2Co3.8Ni0.2Sb12    Ca0.07Mm0.07Co3.8Ni0.2Sb12 0.14 -145 1150 43.8 35.3 0.90444(4)
Sr0.2Mm0.2Co4Sb12     Sr0.1Mm0.1Co4Sb12 0.20 -137 663 52.3 35.1 0.90480(3)
Ba0.2Mm0.2Co4Sb12    Ba0.08Mm0.08Co4Sb12 0.16 -129 1175 46.3 37.4 0.90474(4)
(Ca0.5Sr0.5)0.2Mm0.2Co4Sb12      (Ca0.5Sr0.5)0.09Mm0.09Co4Sb12 0.18 -174 711 42.2 26.4 0.90503(2)
(Ca0.5Ba0.5)0.2Mm0.2Co4Sb12      (Ca0.5Ba0.5)0.09Mm0.09Co4Sb12 0.18 -168 701 41.2 24.9 0.90538(2)
(Sr0.5Ba0.5)0.2Mm0.2Co4Sb12     (Sr0.5Ba0.5)0.1Mm0.1Co4Sb12 0.20 -157 548 41.6 20.8 0.90557(2)
(Ca0.33Sr0.33Ba0.33)0.2Mm0.2Co4Sb12        (Ca0.33Sr0.33Ba0.33)0.1Mm0.1Co4Sb12 0.20 -176 1097 37.8 27.9 0.90494(3)
(Sr0.66Ba0.33)0.15Yb0.15Co4Sb12 (Sr0.66Ba0.33)0.05Yb0.05Co4Sb12 0.10 -153 1462    - - 0.90402(3)
(Sr0.5Ba0.5)0.15Yb0.15Co4Sb12     (Sr0.5Ba0.5)0.05Yb0.05Co4Sb12 0.10 -157 1215 40.5 31.4 0.90411(1)
(Sr0.5Ba0.5)0.15Yb0.15Co4Sb12      (Sr0.5Ba0.5)0.11Yb0.11Co4Sb12 0.22 -140 361 35.4 3.0 0.90615(2)
(Sr0.5Ba0.5)0.3Yb0.3Co4Sb12      (Sr0.5Ba0.5)0.17Yb0.17Co4Sb12 0.34 -129 328 38.2 3.1 0.90686(2)
(Sr0.5Ba0.5)0.3Yb0.15Co4Sb12     (Sr0.5Ba0.5)0.1Yb0.05Co4Sb12 0.15 -138 858 51.4 38.3 0.90483(5)
(Sr0.5Ba0.5)0.4Yb0.2Co4Sb12     (Sr0.5Ba0.5)0.12Yb0.06Co4Sb12 0.18 -146 669 46.4 29.3 0.90511(4)
(Sr0.5Ba0.5)0.2Yb0.2Co4Sb12*    (Sr0.5Ba0.5)0.1Yb0.1Co4Sb12 0.2 -158 445 33.5 3.8 0.90609(3)
* Data from Chapter 3.3 
 
- 89 - 
  
Fig. 3.4.2 Temperature dependency of the Seebeck coefficient S (a), the electrical resistivity ρ 
(b), the power factor S2/ρ (c), the thermal conductivity κ (d), and ZT (e) for multi−filled 
(Ca,Sr,Ba)yMmyCo4Sb12. For figure legend see figure (f). 
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Fig. 3.4.3 Average value of the Seebeck coefficient Sa (a), the electrical resistivity ρa (b), the 
power factor (S2/ρ)a (c), the calculated thermal conductivity κa (d), the lattice thermal conduc-
tivity (κl)a (e), and figure of merit (ZT)a  (f) for multi−filled skutterudites as a function of 
nominal composition y (y = 0, 0.5, and 1) and Ca0.067Sr0.067Ba0.067Mm0.2Co4Sb12 (marked with 
“×”). Please note that some of the points for y = 0 and 1 refer to the same sample. The dotted 
lines are guides for the eyes. 
 
3.4.3.2 Discussion of filling elements and the ratio of alkaline earth to rare earth for triple 
filling 
The highest ZT value for (Ca,Sr,Ba,Mm)yCo4Sb12 at elevated temperature (300 K<T<500 K) is 
ZT500K = 0.53 for triple−filled (Sr0.5Ba0.5)0.1Mm0.1Co4Sb12, which is still lower than ZT500K = 
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 0.85 for (Sr0.5Ba0.5)0.1Yb0.1Co4Sb12 (see Chapter 3.3). Since these compounds have the same 
nominal compositions and the same filling fractions (FF = 0.2), the major contribution comes 
from Yb, which may be attributed to: (1) intermediate valence of Yb [1998Dil6287, 
1999Lei395, 2003Ber18], (2) the higher theoretical filling fraction of Yb in contrast to Ce in 
CoSb3 [2005Shi185503], and (3) the bigger difference of resonant phonon scattering frequen-
cies between Yb and alkaline earths than between Ce and alkaline earths [2007Yan192111].  
Figure 3.4.4 compares the TE properties for triple−filled (Sr,Ba,Yb)yCo4Sb12 with those of 
(Sr,Ba,Mm)yCo4Sb12 and literature data for single Yb−filled Yb0.18Co4Sb12.12 [2009Li145409]. 
Although the absolute Seebeck coefficient (Fig. 3.4.4a) of (Sr,Ba,Yb)yCo4Sb12 decreases only 
slightly with increasing FF, the electrical resistivity (Fig. 3.4.4b) significantly reduces and 
(Sr0.5Ba0.5)0.1Mm0.1Co4Sb12 with FF = 0.2 locates well on this trend until FF > 0.22 then ρ(T) 
saturates at minimum values.  As a consequence, the power factor (Fig. 3.4.4c) increases with 
increasing FF.  
Although the thermal conductivity (Fig. 3.4.4d) for (Sr0.5Ba0.5)0.11Yb0.11Co4Sb12 is slightly 
lower than for (Sr0.5Ba0.5)0.1Mm0.1Co4Sb12, the lattice thermal conductivity κl (Fig. 3.4.4d and 
Table 3.4.1) for the former is significantly lower than for the latter. It should be noted that the 
different ratio of alkaline earths to rare earths (A:R) significantly affects TE performances. 
Although the two samples with A:R = 2 ((Sr0.5Ba0.5)0.1Yb0.05Co4Sb12 and 
(Sr0.5Ba0.5)0.12Yb0.06Co4Sb12) have quite high FF, they still show much higher κ and κl than 
those with A:R = 1. Although single Yb−filled Yb0.18Co4Sb12.12 [2009Li145409] shows quite 
low κ, it exhibits higher κl than the triple−filled skutterudites. In comparision to the reported 
thermal conductivity data for single−filled skutterudites and despite Sr− [2006Zha053711] and 
Ba−filled [2001Che1864] skutterudites have higher κ than Yb−filled skutterudites 
[2009Li145409], they show similar κl. This might be the reason why A:R = 1 has lower κl than 
A:R = 2: the best effect of multi−filling is one rare earth combined with one alkaline earth. 
Therefore, the combination of a proper A:R ratio with a proper filling fraction in multi−filled 
(Sr, Ba, Yb)yCo4Sb12 may achieve very low electrical resistivity and lattice thermal conductiv-
ity, resulting in a high ZT (Fig. 3.4.4e).  
 
3.4.3.3 Transport properties of Ca0.2Mm0.2(Co1-xNix)4Sb12 at high temperature  
Transport properties for CayMmy(Co1-xNix)4Sb12 (x = 0, 0.01, 0.02, 0.03, 0.04, 0.05) are shown 
in Fig. 3.4.5 and their average values are displayed in Fig. 3.4.6. The filling fraction y is 
slightly different regarding various x values. 
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Fig. 3.4.4 Temperature dependences of the Seebeck coefficient S (a), the electrical resistivity ρ 
(b), the power factor S2/ρ (c), the thermal conductivity κ (d), and ZT (e) for 
(Sr,Ba,Yb)yCo4Sb12 compared with (Sr0.5Ba0.5)0.1Mm0.1Co4Sb12 and (Sr0.5Ba0.5)0.1Yb0.1Co4Sb12 
(see Chapter 3.3) and literature data for single Yb−filled Yb0.18Co4Sb12.12 [2009Li145409]. The 
unit of averaged lattice thermal conductivities (κl)a in figure (d) is given in mW/cmK. For fig-
ure legend see figure (f). 
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Fig. 3.4.5 Temperature dependences of the Seebeck coefficient S (a), the electrical resistivity ρ 
(b), the power factor S2/ρ (c), the thermal conductivity κ (d), and ZT (e) for CayMmy(Co1-
xNix)4Sb12 (x = 0, 0.01, 0.02, 0.03, 0.04, 0.05). Legend in figure (a) refers to all panels.  
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Fig. 3.4.6 Average value of the Seebeck coefficient Sa (a), the electrical resistivity ρa (b), the 
power factor (S2/ρ)a (c), and figure of merit (ZT)a (d), for CayMmy(Co1-xNix)4Sb12 (x = 0, 0.01, 
0.02, 0.03, 0.04, 0.05) as a function of Ni content x. 
 
With increasing Ni-content in CayMmy(Co1-xNix)4Sb12, both S and ρ show a maximum at x 
≈ 0.01 (Figs. 3.4.5 and 3.4.6).  A similar situation was also observed for Co1-xNixSb3 
[1957Dud212, 2000UheZ10]. At higher Ni contents, S decreases due to the increase of car-
rier concentration [1999Ann3780, 2005Kit449]. Temperature dependent S(T) and ρ(T) 
show both a maximum in the intrinsic region near the transition temperature where the Hall 
coefficient changes from negative to positive [2005Kit449]. The maxima shift to higher tem-
perature with increasing x, which is also seen for Co1-xNixSb3 in Ref. [2005Kit449]. Such be-
haviour of ρ(T) hints the start of intrinsic conduction as was discussed for Co1-xNixSb3 
[2005Kit449] and Ba0.3(Co1-xNix)4Sb12 [2002Dyc3698]. The second extremum of ρa at x ≈ 0.04 
(Fig. 3.4.6b) is similar to that reported for Ni-doped Ba0.3(Co1-xNix)4Sb12 [2002Dyc3698] and 
Cay(Co1-xNix)4Sb12 [2005Puy83712]. 
Figure 3.4.5d displays the temperature dependent κ for CayMmy(Co1-xNix)4Sb12. Unlike the 
apparent suppression in the thermal conductivity for Ni-substitution in unfilled CoSb3 
[1999Ann3780, 2000UheZ10, 2005Kit449] and Ba0.3(Co1-xNix)4Sb12 [2002Dyc3698], the im-
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 pact of Ni-doping on κ especially on κl for CayMmy(Co1-xNix)4Sb12 is very weak. Similar re-
sults were reported by Puyet et al. for Ca0.18(Co1-xNix)4Sb12 [2004PuyS4, 2005Puy83712].  
Combining all measured properties, only the Ni-free sample shows a promising power factor 
(S2/ρ)a = 3.5 mW/mK (Figs 3.4.5c and 3.4.6c).  However, the resulting (ZT)a (Fig. 3.4.6d) is 
below 0.5 due to the high lattice thermal conductivity. 
 
3.4.4 Conclusions 
 
The influence of multi−filling on TE properties was investigated concerning filler element, 
filling fraction and the ratio of alkaline earth to rare earth. Although quadruple filling displays 
the lowest thermal conductivity, triple filling shows higher ZT than quadruple filling and dou-
ble filling owing to lower electrical resistivity and lattice thermal conductivity. Quadruple and 
double filling demonstrate a similar effect on TE properties. The electrical resistivity decreases 
with increase of y for (Sr,Ba,Yb)yCo4Sb12. Yb displays an important contribution to reduce 
thermal conductivity in contrast to Mm in multi−filled skutterudites and the current results also 
hint that one alkaline element coupled with one rare earth element is the best option to reduce 
lattice thermal conductivity and hence to enhance ZT. 
The influence of Ni-substitution on TE properties for Ca0.2Mm0.2(Co1-xNix)4Sb12 was investi-
gated. Although the thermal conductivity is independent of the Ni-concentration, the Seebeck 
coefficient first increases and subsequently decreases with increasing Ni-content without re-
ducing electrical conductivity. Consequently, the highest ZT is shown in Ni-free samples 
rather than for Ni-substituted samples. 
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 3.5 Impact of High Pressure Torsion on the microstructure and physical 
properties of Pr0.67Fe3CoSb12, Pr0.71Fe3.5Ni0.5Sb12, and Ba0.06Co4Sb12 
 
3.5.1 Introduction 
 
Mechanical milling is an appropriate method to produce nanograined powders, however it 
needs an additional high temperature compacting step to form bulk materials. Besides that, 
there are some state-of-art deformation methods producing nanostructured materials from bulk 
to bulk directly. For Ce0.29Fe1.4Co2.6Sb11.24 there has been used uniaxial compression under 150 
MPa up to 20 cycles [2006Zha052111], for CoSb3 high pressure sintering at 723 K in a pres-
sure range from 2 to 6 GPa [2009Mei1194], and for Co4Sb12−xTex also high pressure sintering 
at 900 K under 1.5 GPa [2009Den2139]. Recently, however, the new methods of Severe Plas-
tic Deformation have been used, also for preparation of thermoelectric materials, for instance, 
equal channel angular extrusion (ECAE) [2004Im49, 2004Kim107, 2005Sun895, 
2007Fan5727, 2008Fan9] and high pressure torsion (HPT) [2009Ash1089, 2009Ham1592] for 
preparation of bismuth telluride based compounds; High Pressure Torsion (HPT), one of the 
most important techniques of severe plastic deformation (SPD), is capable of producing ul-
trafine-grained bulk materials [1986Smi1170, 2004Zeh329, 2006Val33, 2007Sch139, 
2009Zeh]. During HPT, the specimen is subjected to a torsional strain under high hydrostatic 
pressure. In order to prevent the loaded material to flow out under high pressure, cavities are 
normally made in each of the two anvil supports.  
To our knowledge, there is yet no investigation on the impact of HPT processing on skutteru-
dites. In the present chapter, Pr filled p-type Pr0.67Fe3CoSb12 and Pr0.71Fe3.5Ni0.5Sb12, as well as 
Ba filled n-type Ba0.06Co4Sb12 were subjected to HPT grain refining. Grain size and defects 
were analysed by X-ray powder diffraction (XPD) and scanning electron microscopy (SEM), 
and thermoelectric as well as magnetic properties were investigated. 
 
3.5.2 Experimental procedures 
 
Samples were prepared in an amount of 10 g each. Ba0.06Co4Sb12 was prepared from pieces of 
Ba (99+ mass%, Sigma-Aldrich, Germany) Co powder (99.9 mass%, particle size <150µm, 
Sigma-Aldrich, Germany) and Sb ingot (99.9 mass% metals basis, Alfa Aesar, Germany); 
Pr0.67Fe3CoSb12 and Pr0.71Fe3.5Ni0.5Sb12 were prepared from pieces of Pr (99.9 mass%, Rhône-
Poulenc, Shelton, CT), wire of Fe and Ni (each of purity of 99.9 mass%, from Alfa Aesar, 
Germany), and Sb ingot (99.9 mass% metals basis, Alfa Aesar, Germany). For the processes of 
synthesis see Chapter 3.3. The precursors were milled by hand to powder and were hot pressed 
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 at 600°C and 56 MPa during 2 hours. The hot pressed samples were cut to disks and enclosed 
in a Cu ring to prevent the material from flowing out during the pressure torsion at room tem-
perature in air under 1 revolution and a pressure of 2 GPa. 
The density of the samples before HPT was obtained by the Archimedes’ method using dis-
tilled water, whereas the direct volume method was used for the samples after HPT, because 
the density of microcracks was too high to employ Archimedes’ method. The two methods are 
in good agreement with each other. 
A superconducting quantum interference device (SQUID) was employed for the determination 
of the magnetization from 3 K up to 300 K in fields up to 3 T for Pr0.67Fe3CoSb12 before and 
after HPT with the weight of pieces being 81.16 and 30.54 mg respectively. 
 
3.5.3 Results and discussion 
 
3.5.3.1 The X-ray powder diffraction analysis and evaluation of crystallite size  
The Rietveld refinement data evaluated from XPD show the same Pr filling fractions before 
and after HPT (Table 3.5.1). However, the lattice parameters for all three samples seem to 
become larger after HPT (Table 3.5.1). The relative changes ∆a/a for Ba0.06Co4Sb12, 
Pr0.67Fe3CoSb12 and Pr0.71Fe3.5Ni0.5Sb12 amount to 1.6×10-4, 6.2×10-4 and 6.3×10-4, respectively. 
 
Table 3.5.1 Room temperature lattice parameter (a), and relative density (den.) for skutteru-
dites before HPT (NOR) and after HPT (HPT). CSD size was calculated by using CMWP (see 
text). 
     Composition Preparation a Den. CSD size
 method nm % nm 
Ba0.06Co4Sb12 NOR 0.90395(3) 98.1  
Ba0.06Co4Sb12 HPT 0.90409(1) 91.4 47 
Pr0.67Fe3CoSb12 NOR 0.91111(2) 95.5  
Pr0.67Fe3CoSb12 HPT 0.91167(5) 78.4  
Pr0.71Fe3.5Ni0.5Sb12 NOR 0.91209(4) 96.7  
Pr0.71Fe3.5Ni0.5Sb12 HPT 0.91266(5) 83.5  
 
Comparing the XPD profiles (Fig. 3.5.1) for Pr0.67Fe3CoSb12 before and after HPT, peak 
broadening is clearly observed after HPT. Fig. 3.5.2 gives the crystallite size distribution for 
HPT Ba0.06Co4Sb12 in comparison with BM+HP (ball milled and hot pressed) CoSb3 (Chapter 
3.1) and BM+HP Mm0.85Fe4Sb12 with 2.7 wt.% Mm2O3 in situ precipitation (Chapter 3.2). The 
crystallite size distributions for HPT Ba0.06Co4Sb12 were evaluated from CMWP for both ellip-
soidal and spherical grain shape, respectively. The standard errors from the former are much 
lower than from the latter, and an ellipticity of CSD εe = 4.8 results from CMWP which 
roughly corresponds to the anisotropy of lamella size reported below Fig. 3.5.3. Since the dif-
ferences of R (Ba, Mm) and T (Co or Fe) for RyT4Sb12 do not affect the crystallite size, we can 
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 compare the crystallite sizes (Fig. 3.5.2) resulting from HPT Ba0.06Co4Sb12 samples with those 
from BM+HP treated ones e.g. CoSb3 (Chapter 3.1) and Mm0.85Fe4Sb12 with 2.7 wt.% Mm2O3 
in situ precipitation (Chapter 3.2). The HPT sample shows a significantly smaller CSD size 
than the BM+HP treated ones: With a mean (ms) and standard deviation (σs) of the lognormal 
size distribution of 10.4 nm and 0.7 for the HPT sample, and 11.2 nm and 0.8 for the BM+HP 
sample, the volume weighted sizes computed from equation <x>vol = msexp(3.5σs2) 
[2001Ung298] are 47 nm for HPT sample and 105 nm for BM+HP treated one. Therefore 
these results clearly show that HPT is capable of achieving a really nanograined sized structure 
in bulk alloyed materials, and the sizes are much smaller than those from ball milled-hot 
pressed sample. 
 
 
Fig. 3.5.1 Selected XPD patterns evidencing the skutterudite structure for the unperturbed 
samples and the material achieved by HPT at 2 GPa. 
 
Figure 3.5.3 displays how the HPT Pr0.67Fe3CoSb12 sample was cut for physical property stud-
ies. The SEM images in Fig. 3.5.3 show that lamellar ellipsoidal grains are seen after HPT, 
whilst the shape of the grains for standard hot pressed samples is a polyhedron (Fig. 3.5.3b). 
The grain size shown for Part 2 (Figs. 3.5.3 d and f) is smaller than for Part 1 (Fig. 3.5.3c) or 
Part 4 (Fig. 3.5.3e). The thickness for more than 70 % of the lamellar layers is clearly smaller 
than 150 nm which fits to the results from XPD investigations. Moreover, also the SEM   im-
ages show that amorphous aggregates occur through HPT (Fig. 3.5.3) Another important fea-
ture of the HPT induced microstructure is that some micro-cracks evolve between grains re-
sulting in an overall reduced density (Table 3.5.1).  
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Fig. 3.5.2 Crystallite size distributions for HPT samples processed at 2 GPa, and those from 
the ball milled and hot pressed (BM+HP) ones (Chapters 3.1 and 3.2) for comparison. 
 
 
Fig. 3.5.3 Schematic map for HPT Pr0.67Fe3CoSb12 with diameter 14 mm cut into 4 parts (Part 
1−4) (a), and the sample before HPT with measuring bar 10 µm (b), SEM images for Part 1 (c), 
Part 2 (d), Part 4 (e) and Part 2 with measuring bar 1 µm (f). The black twisted line in (a) 
marked the locations taken for SEM images. 
 
The dislocation density of HPT Ba0.06Co4Sb12 evaluated by CMWP is 7.0×1014 m-2. Although 
this value is lower than the value of 5.3×1015 m-2 for as-HPT Ni [2004Zeh329] and ~1015 m-2 
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 for ball milled Ni [2002Sca190], it is significantly higher than those observed for ball milled 
CoSb3 powders which are about 1012 – 1013 m-2 (Chapter 3.1). Therefore the thermal conductiv-
ity is expected to decrease not only through the decrease of grain size but also through the 
presence of lattice defects such as dislocations. 
 
3.5.3.2 Analysis of physical properties before and after HPT 
Upon HPT processing, the Seebeck coefficient S (Fig. 3.5.4) shows practically no change at 
low temperatures, and only a small deterioration at high temperatures. S continues to increase 
with increasing temperature and attains a maximum value of 166 µV/K. A similar behaviour 
and similarly high values were reported by Paul et al. for micro-sized Pr0.62Fe3CoSb12 and 
Pr0.57Fe3.5Ni0.5Sb12 [2004Pau373]. These results indicate that HPT performed under current 
conditions has no significant influence on the thermopower.  
 
 
Fig. 3.5.4 Temperature dependent Seebeck coefficient, S, of Pr0.67Fe3CoSb12 and 
Pr0.71Fe3.5Ni0.5Sb12 before and after HPT. 
 
As concerns the temperature dependence of the hand milled samples in the range 20-800 K 
(Fig. 3.5.5), the electrical resistivity shows a metallic-like behaviour with a sub-linear increase 
with rising temperature. However the HPT samples exhibit a much higher electrical resistivity 
(Fig. 3.5.5). Moreover, the electrical resistivity of Pr0.67Fe3CoSb12 and Pr0.71Fe3.5Ni0.5Sb12 ini-
tially increases for temperatures from 20−350 K and 20−450 K respectively, followed by a 
plateau-like behaviour up to 550 K, but finally decreases at higher temperatures. A simple 
interpretation takes into account the small cracks between the grains after HPT (Fig. 3.5.3) 
responsible for a reduced density, and a correspondingly larger electrical resistivity (Table 
3.5.1). At higher temperatures, the amorphous phase recrystallizes, the crystallites grow, and 
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 the microcracks start to close; thus, the electrical resistivity decreases and shows a maximum 
at T = 500 K. Although there is a decrease of ρ(T) in the high temperature limit, the power 
factor S2/ρ (Fig. 3.5.6) decreases after HPT. Over all, S2/ρ is about twice as large for the hand 
milled specimens in comparison to the HPT ones.  
 
 
Fig. 3.5.5 Temperature dependent electrical resistivity, ρ, of Pr0.67Fe3CoSb12 and 
Pr0.71Fe3.5Ni0.5Sb12 before and after HPT. 
 
 
Fig. 3.5.6 Temperature dependent power factor, S2/ρ, of Pr0.67Fe3CoSb12 and Pr0.71Fe3.5Ni0.5Sb12 
before and after HPT. 
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 Figure 3.5.7 displays the electrical resistivity data normalized to 100 K for Pr0.67Fe3CoSb12 and 
Pr0.71Fe3.5Ni0.5Sb12 before and after HPT. The smooth shoulder at around 20 K in the curves is 
induced by spin disorder scattering, i.e. scattering of conduction electrons on disordered mag-
netic moments, in combination with crystal electric field (CEF) effects. For details see Refs. 
[2002Bau214412, 2004Pau373]. Non-HPT samples show evidence of long-range magnetic 
order at T<5.6 K, in accordance to previous reports by Paul et al. [2004Pau373].  However, a 
drop of the resistivity as a signature for the onset of long range magnetic order is absent in 
both samples after HPT; instead, ρ(T) increases below T = 8 K with decreasing temperatures. 
 
 
Fig. 3.5.7 Normalized electrical resistivity, ρ/ρ100 K, as a function of temperature for 
Pr0.67Fe3CoSb12 and Pr0.71Fe3.5Ni0.5Sb12 before and after HPT. 
 
The temperature dependent magnetic susceptibility χ is displayed in Fig. 3.5.8 and the data are 
plotted as 1/χ vs. T for an applied magnetic field of µ0H = 0.1 T in Fig. 3.5.9. For the sample 
before HPT antiferromagnetic ordering is seen in χ(T) at 5.6 K for µ0H = 0.01 T; with H in-
creasing TN shifts to lower temperature and finally disappears for µ0H = 3 T. The response to 
antiferromagnetism ordering weakens after HPT and is clearly resolved only for µ0H = 0.1 T. 
The corresponding phase diagram is displayed in Fig. 3.5.10. For Pr0.67Fe3CoSb12 before and 
after HPT TN does not change substantially. A modified Curie-Weiss law was used to describe 
the susceptibility data for T > 80 K: 
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Fig. 3.5.8 Temperature dependent magnetic susceptibility χ of Pr0.67Fe3CoSb12 taken at various 
externally applied magnetic fields before (a) and after (b) HPT. 
 
pT
C
θχχ −+= 0 , 
where χ0 is a temperature independent Pauli-like contribution, C is the Curie constant, and θp 
is the paramagnetic Curie temperature (for results see Table 3.5.2). The negative values of θp 
confirm the antiferromagnetic interactions in both samples. The effective magnetic moments 
µeff computed from C are 4.18 µB before HPT and 4.07 µB after HPT, which indicates that the 
Fe3CoSb12 sublattice carries an effective magnetic moment as well. Note that the effective 
moment of Pr3+ is 3.56 µB. A metamagnetic transition is obvious from isothermal magnetiza-
tion (Fig. 3.5.11) for the 3 and 5 K run, evidencing an AFM ground state in both types of mate-
rial.  The critical field of the metamagnetic transition µ0Hcrit is slightly larger (0.9 T) for the 
unperturbed material in comparison to the HPT sample (0.8 T) as revealed from 
dH
dM (H) plots 
as shown by the inserts in Figs. 3.5.11 a and b. This plot indicates that the transition becomes 
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 smeared out in the case of the HPT sample, in agreement with resistivity and susceptibility 
data.  
 
Table 3.5.2 Curie-Weiss fitting parameters and effective magnetic moment µeff for 
Pr0.67Fe3CoSb12 before (NOR) and after HPT (HPT), for details see the text, µ0H = 0.1 T. 
Preparation χ0 10-5 C 10-3 µeff θ 
 emu/mol emuK/mol µB K 
NOR 5.70 2.18 4.18 -14.66
HPT 161.89 2.07 4.07 -18.86
 
 
Fig. 3.5.9 Temperature dependent inverse susceptibility 1/χ of Pr0.67Fe3CoSb12 before and after 
HPT in a magnetic field µ0H = 0.1 T. The solid lines represent least squares fits employing a 
modified Curie-Weiss law for 80<T<300 K. 
 
 
Fig. 3.5.10 Néel temperature, TN, as a function of applied magnetic fields for Pr0.67Fe3CoSb12. 
The dotted line guides the eyes. 
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Fig. 3.5.11 Isothermal magnetization of Pr0.67Fe3CoSb12 before (a) and after (b) HPT. The in-
serts show dM/dH as a function of µ0H for T = 3 K. 
 
The thermal conductivity κ is depleted for both materials being HPT processed  (full symbols, 
Fig. 3.5.12), as an obvious result of the small grain size and high density of microcracks . Be-
sides the Pr filled Fe4Sb12-based skutterudites, also Ba0.06Co4Sb12 is shown as an additional 
example, Although the relative changes of density of the Ba0.06Co4Sb12 samples before and 
after HPT for is smaller than for the two Fe4Sb12-based skutterudites (Table 3.5.1), the reduc-
tion of κ after HPT for the former is much larger than for the latter. This indicates that the 
contribution of density decrease (microcrack) to κ is not as dramatic as the effect of nanostruc-
turing. Another argument supporting futural use of HPT processing is that the values of κ for 
HPT Ba0.06Co4Sb12 are lower than those for BM+HP Ba0.23Co4Sb12 (Chapter 3.3), Fig. 3.5.3, 
although the higher filling fraction Ba0.23 compared to Ba0.06 should lead to lower thermal con-
ductivity, assuming same preparation technique. From these points of view, one may conclude 
that HPT processing obviously reduces thermal conductivity more effectively than than BM+ 
HP at 873 K. Therefore, it seems quite promising to optimise HPT conditions in order to fabri-
cate microcrack-free skutterudites so as to decrease electrical resistivity as well as to maintain 
low thermal conductivity. 
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Fig. 3.5.12. Temperature dependent thermal conductivity, κ, for Ba0.06Co4Sb12 (triangles), 
Pr0.67Fe3CoSb12 (circles) and Pr0.71Fe3.5Ni0.5Sb12 (diamonds) before (empty symbols) and after 
HPT (full symbols). The values for Ba0.23Co4Sb12 (crosses) for ball milled and hot pressed 
powders are given for comparison (Chapter 3.3). 
 
3.5.4 Conclusions 
 
Filled skutterudites Pr0.67Fe3CoSb12, Pr0.71Fe3.5Ni0.5Sb12 and Ba0.06Co4Sb12 were processed by 
HPT. A broadened peak width is seen in XPD pattern due to severe distortions and nanosized 
grains. The nanosized grains have ellipsoidal, lamellar shape and coexist with an amorphous 
phase, as has being confirmed by direct observations of Pr0.67Fe3CoSb12 by SEM. The crystal-
lite size for HPT processed Ba0.06Co4Sb12 evaluated from CMWP is 47 nm which is much 
smaller than BM grain size (109 nm, (Chapter 3.1)), and the dislocation density of HPT 
Ba0.06Co4Sb12 also evaluated from CMWP is 7×1014 m-2, which is significantly higher than the 
value for ball milled CoSb3 powders (1012 – 1013 m-2).  
Long-range magnetic order sets in at T = 5.6 K for Pr0.67Fe3CoSb12 in both the milled and the 
HPT material; however, for the latter both the temperature and the field dependent transitions 
considerably smear out as a consequence of the nanograined structure. Besides Pr, the 
Fe3CoSb12 sublattice carries an effective magnetic moment. The small grains, the amorphous 
phase, and the high dislocation density of HPT samples result in thermal conductivities being 
lower than that of hand and/or ball milled ones. However, the extraordinary high electrical 
resistivtiy arising from microcracks results in a low ZT. Therefore, it is worth optimising the 
HPT conditions to avoid the microcracks in order to reduce electrical resistivity and hence to 
achieve very high values of ZT.  
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 3.6 Mechanical properties of filled antimonide skutterudites 
 
3.6.1 Introduction 
 
For any application of TE materials, mechanical properties are as important as TE properties. 
A long-term reliable TE device requires high elastic moduli in order to resist external bending 
or shaking forces, etc. without crack formation or crack propagation. Therefore, elastic proper-
ties play an important part in providing valuable information on the elasticity and mechanical 
stability of a solid as well as on the binding characteristics between adjacent atomic planes, the 
usually anisotropic character of binding and structural stability. To our knowledge, elastic 
properties have only been reported for some skutterudites i.e., sound velocity for single-crystal 
CoSb3 [1996Cai4442] and polycrystalline CoSb3 [1997Sal15081, 2007Rec357], LaFe4Sb12 
[2007Rec357], La0.75Fe3CoSb12, and Ce0.75Fe3CoSb12 [1997Sal15081]; elastic moduli for 
CoSb3, La0.75Fe3CoSb12, and CeFe3RuSb12 [1997Man199, 1998Kep876, 2000Kepz13, 
2008Rav656], as well as for non−(Fe,Co,Ni)4Sb12 based single-crystal skutterudites 
[2001Nak184429, 2002Nak249, 2002NakL715, 2003Kum471, 2004Got180511, 
2004Nak064409, 2006Nak220, 2007Nak134411, 2007Sun054114, 2008Ish887] and polycrys-
talline SmRu4P12 [2004Yos315]. Data from model simulations for CoAs3 [2008Liu415] and 
other skutterudites were reported as well [2007Khe195131, 2008Ben1022, 2009Ben622]. 
Time-of-flight (TOF) or Pulse-echo [1980Led305] and resonant ultrasound spectroscopy (RUS) 
methods [2004Zad154, 2005Mig121301] are two of the most important techniques for elastic 
constant measurements. The TOF method measures the sound velocity: transit time of a sound 
pulse along the specimen, from which the elastic constants are calculated. The disadvantage of 
this method is that for measuring various elastic constants one needs transducers differently 
oriented with respect to crystal axes. It also requires a sample of macroscopic dimensions to 
meet the requirement that wavelengths are short compared to the dimensions of the sample. 
RUS uses the natural resonance of objects and is sensitive to the elastic constants and detects 
the true thermodynamic dissipation [2005Mig121301]. With modern computers, the elastic 
constants can be rapidly extracted from the frequency spectrum. 
The present paper provides comprehensive investigations on sound velocities, elastic moduli 
(longitudinal modulus C11, shear modulus G or C44, Young’s modulus E, bulk modulus B, and 
Poisson’s ratio ν), compression, and hardness from measured data as well as the Debye tem-
perature (ΘD) for selected samples mentioned in previous chapters. All samples were prepared 
by hand milling or ball milling followed by hot pressing. For ball milled samples the relative 
densities (Den.) are higher than 98% except the one containing 20% secondary phases (FeSb2, 
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 Sb, and Mm2O3, called as 80%-Mm0.7Fe4Sb12, Den. = 96.7%) and most of them exhibit a ZT > 
1. Both TOF and RUS methods were employed for elastic moduli measurements.  
  
3.6.2. Sample preparations 
 
Details for the preparations of Mm-filled skutterudites are given in previous chapters and the 
preparations of DD-filled (DD is Didymium, 4.76% Pr and 95.2% Nd) skutterudites are same 
as of those Mm-filled.  
 
3.6.3. Results and discussion 
 
3.6.3.1 Sound velocities and elastic moduli 
Two basic types of waves exist in a solid: longitudinal and transversal (shear) waves. Both 
types depend on the elastic stiffness constant Cij. The results of TOF and RUS measurements 
are listed in Table 3.6.1. For the samples investigated throughout the present work, tempera-
ture dependent longitudinal sound velocity vL and longitudinal modulus C11 are illustrated in 
Fig. 3.6.1. Although TOF and RUS measurements use different techniques and evaluation 
methods, room temperature values of vL and C11 for Mm0.7Fe3CoSb12 are almost identical (Fig. 
3.6.1, ○ for TOF, and ◇ for RUS). All ball milled samples show a higher C11 than hand 
milled skutterudite samples demonstrating the strong influence of densification achieved by 
hot pressing ball milled nano powders. It can be seen from Table 3.6.1 that the relative density 
for ball milled samples is higher than 98 % (except for “80%-Mm0.7Fe4Sb12” with 96.7 %) 
whilst for hand milled samples the highest density reached is 96.2 %. With similar density, ball 
milled n-type Ba0.075Sr0.025Yb0.1Co4Sb12 and (BaYb)0.03Co4Sb12 in our work and CoSb3 (litera-
ture, see Table 3.6.1) have slightly higher C11 than p-type ball milled skutterudites, indicating 
stronger chemical bonds in Co4Sb12-based skutterudites. The hand milled 
Ca0.07Ba0.23Co3.95Ni0.05Sb12 shows even larger values C11 and C44 than some of the ball milled 
Fe4Sb12-based skutterudites (Fig. 3.6.1b and Table 3.6.1), the reason might be that the small 
amount of Ni substituting Co strengthens the mechanical behavior as reported in 
[1957Dud212].  
For the group of ball-milled Fe4Sb12-based skutterudites (Fig. 3.6.1), the values of vL and C11 
are slightly different from each other due to various compositions and densities. The same 
situation arises for the room temperature transversal sound velocity vT and elastic constant C44 
(Table 3.6.1). 80%-Mm0.7Fe4Sb12 clearly shows lower vL and C11 than any other Mm or DD 
filled skutterudite (Figs. 3.6.1a and b), which indicates that the high content of secondary 
phases significantly changes vL although, these 20% secondary phases increase vT and C44 only 
slightly (Table 3.6.1). Interestingly Ca0.75Fe4Sb12 has the smallest C11 from all ball milled 
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 Fe4Sb12- based filled skutterudites although it has a relative density of 99%. This may be due 
to the low atomic weight of Ca in contrast to Ba or rare earth. 
Good reproducibility of C11(T) is confirmed for several TOF measurements on 80%-
Mm0.7Fe4Sb12. The temperature dependency of C11 is practically linear for single-phase 
Mm0.7Fe3CoSb12 and for 80%-Mm0.7Fe4Sb12 i.e. slopes ∆C11/∆T are 0.024 GPa K-1 and 0.026 
GPa K-1 (see Fig. 3.6.1b). Both slopes compare well to values reported in literature and seem 
to be characteristic for the skutterudite lattice: 0.024 GPa K-1 for La0.75Fe3CoSb12 and 0.025 
GPa K-1 for CoSb3 [1997Man199, 2000Kepz13]; 0.025 GPa K-1 extracted for CoSb3 as well as 
for CeFe3RuSb12 from the E – T dependency [2008Rav656].  
   
Fig. 3.6.1 Longitudinal sound velocity vL (a) and longitudinal modulus C11 (b) measured by 
TOF (time of flight) and RUS (resonant ultrasound spectroscopy) at various temperatures. RT 
values are also listed in Table 3.6.1. 
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 Table 3.6.1 Elastic properties at room temperature, experimental density, and Debye temperature ΘD for skutterudites. The interpretations of every parameter see the text. 
   v  v  v  C  CComposition1) Meas.2) Den.3) L T m 11 44 or G E B ν G/B ΘD HV0.1
/Parameter         
            
 % ×105 cm/s ×105 cm/s ×105 cm/s GPa GPa GPa GPa K
Mm0.86Fe4Sb12 RUS2 99.7 4.34 2.55 2.83 147 51 126 80 0.24 0.64 298 470
DD0.86Fe4Sb12            
            
            
            
           
            
            
             
RUS2 99.4 4.41 2.55 2.83 147 49 123 82 0.25 0.60 294 390
Ca0.75Fe4Sb12 RUS2 99.0 4.35 2.59 2.87 132 49 121 73 0.25 0.67 300 411
DD0.25Ca0.75Fe4Sb12 RUS2 98.6 4.42 2.58 2.86 146 50 123 79 0.24 0.63 300
DD0.75Ba0.25Fe4Sb12
 
RUS2 98.7 4.37 2.57 2.85 149 51 127 80 0.24 0.64 299
Mm0.7Fe3CoSb12 TOF 98.2 4.43 2.72 3.00 151 57 136 75 0.20 0.76 313 528
Mm0.7Fe3CoSb12 RUS1 98.2 4.46 2.67 2.96 152 54 133 79 0.22 0.69 307 528
DD0.68Fe3CoSb12 RUS2 98.5 4.34 2.55 2.83 149 51 127 80 0.24 0.64
 
298 399
Mm0.76Fe4Sb12 HM4) TOF 94.9 3.50 91 467
DD0.68Fe4Sb12 HM            
            
            
            
RUS2 88.8 4.05 2.43 2.68 119 43 105 62 0.22 0.69 276 253
Mm0.68Fe3.5Ni0.5Sb12 HM RUS2 96.2 3.84 2.33 2.58 109 41 99 58 0.22 0.70 267
DD0.25Fe2.5Ni1.5Sb12 HM RUS2 88.7 4.05 2.41 2.67 115 41 100 61 0.23 0.67 271 206
Ba0.075Sr0.025Yb0.1Co4Sb12 RUS1 99.4 4.65 2.79 3.08 165 59 144 86 0.22 0.69 327 562
(BaYb)0.03Co4Sb12 RUS2           
            
99.2 4.59 2.75 3.04 159 57 140 84 0.22 0.68 323 542
Ca0.07Ba0.23Co3.95Ni0.05Sb12 HM RUS2 96.0 4.52 2.71 3.00 153 55 134 80 0.22 0.69 311 495
Mm0.7Fe4Sb12 
(80 vol. %) TOF           96.7 4.10 2.70 2.96 126 55 122 53 0.12 1.02 306
LaFe4Sb12a)        NI 99 4.60 2.71 3.00 57 141 89 0.23 0.64 315
La0.75Fe3CoSb12b)           
             
             
           
     
     
             
      
              
RUS 98 4.53 2.68 157 55 84   310
La0.75Fe3CoSb12c) RUS >95 4.48 2.66  308
Ce0.75Fe3CoSb12c) RUS >95 2.71  312
 CeFe3RuSb12d) IE 99 54 133  ~0.25
CoSb3a) NI 99 4.76 2.83 3.14
 
 61 148
 
 90 0.23 0.67
 
327
CoSb3b) RUS 95 4.65 2.80 158 57 82  319
CoSb3c) RUS >95
 
4.62
 
2.79
 
 321
 CoSb3d) IE 99 60 136  ~0.20  
CoSb3e) TOF 99.5 4.59 2.64 2.93 307
4.56
1) In this work, the amount of filler atoms in the structures was derived from Rietveld refinement.
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 2) Measurement (Meas.): TOF- time of flight, performed with 10 MHz transducer; NI- nano-identation; RUS- resonant ultrasound spectroscopy, RUS1- measured at Univer-
sity of Cambridge, RUS2- measured at Univ. of Vienna; IE- impulse excitation. 
3) Den. is the measured density relative to the X-ray density of impurity-free skutterudite 
4) HM means hand milled and hot pressed. The other samples listed were ball milled and hot pressed. 
a) Data from Ref. [2007Rec357] using 5 MHz. Vm, G, ν, G/B, and θD were calculated from the data provided in the reference. 
b) Data from Ref. [1997Man199, 1998Kep876, 2000KepZ13]. 
c) Data from Ref. [1997Sal15081]. 
d) Data from Ref. [2008Rav656]. 
e) Data from Ref. [1996Cai4442], identified from single crystal sample using a frequency of 5 MHz. 
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 Good reproducibility of C11(T) is confirmed for several TOF measurements on 80%-
Mm0.7Fe4Sb12. The temperature dependency of C11 is practically linear for single-phase 
Mm0.7Fe3CoSb12 and for 80%-Mm0.7Fe4Sb12 i.e. slopes ∆C11/∆T are 0.024 GPa K-1 and 0.026 
GPa K-1 (see Fig. 3.6.1b). Both slopes compare well to values reported in literature and seem 
to be characteristic for the skutterudite lattice: 0.024 GPa K-1 for La0.75Fe3CoSb12 and 0.025 
GPa K-1 for CoSb3 [1997Man199, 2000Kepz13]; 0.025 GPa K-1 extracted for CoSb3 as well as 
for CeFe3RuSb12 from the E – T dependency [2008Rav656].  
Values of E, G, B, and ν are listed in Table 3.6.1 in comparison with data available from litera-
ture. According to elastic constants, Co4Sb12-based skutterudites have slightly larger E, G, and 
B than those based on Fe4Sb12 (with comparable density, see Table 3.6.1). Ball milled and hot 
pressed samples show generally larger values than samples hot pressed from hand milled pow-
ders. 
The Poisson’s ratio may also reveal the type of chemical bond in a bulk: covalent (ν = 0.10) or 
ionic (ν = 0.25) [2001Hai1]. In addition, the relation between shear and bulk modulus (G/B) 
provides another way to evaluate the bonding types. Typical values for covalent, ionic and 
metallic materials are G/B ≈1.1, ≈0.6 and ≈0.4 respectively [2007Ban89, 2001Hai1]. Both ν 
and G/B for the specimens presented in this work compare well to literature data (see Table 
3.6.1); they range from 0.20 <ν < 0.25,  0.60 < G/B <0.76 (Table 3.6.1) and thereby indicate 
ionic bonds, although band structure calculations revealed a predominantly covalent bonding 
for CoSb3 [2001Uhe139, 2007Gho096002]. According to the criterion by Pugh [1954Pag833], 
a material is brittle if it exhibits B/G < 1.75. As the maximum B/G value for our samples is 
1.67, they may all be classified as brittle (Table 3.6.1), a fact, which is furthermore confirmed 
by compression tests described below. 
 
3.6.3.2 Debye temperature 
The Debye temperature ΘD for skutterudites can be obtained from the mean sound velocity vm 
by equation [1963Ors909]: 
ΘD = md
B
v
M
nN
k
h 3/1
4
3 


π
ρ
 (3.6.1) 
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 where h is the Plank’s constant, kB is the Boltzmann’s constant, N is the Avogadro’s number, 
ρd is the density, M is the molecular weight, and n is the number of atoms in the molecule. In 
isotropic polycrystalline skutterudites, vm follows the simplified expression [1963Ors909]: 
vm = 
3/1
33
12
3
1
−






 +
LT vv
 (3.6.2) 
where vL and vT are the  longitudinal and transversal sound velocities, respectively.  
The Debye temperatures, as derived from sound velocity measurements, are shown in Table 
3.6.1. The values for Co4Sb12-based skutterudites are in range of 311<ΘD<327 K and are well 
comparable to the data reported for CoSb3 (319<ΘD<327 K [2007Rec357, 1997Man199, 
1997Sal15081]), which seem to be slightly higher than for p-type Fe4Sb12-based skutterudites 
(294<ΘD<313 K). Our data calculated from sound velocities for Fe4Sb12-based skutterudites 
are consistent with ΘD = 315, 310, 308, and 312 K for LaFe4Sb12 [2007Rec357], 
La0.75Fe3CoSb12 [1997Man199], La0.75Fe3CoSb12 [1997Sal15081], and Ce0.75Fe3CoSb12 
[1997Sal15081], respectively, all of which are lower than ΘD = 348 K of LaFe4Sb12 
[2001Bau224414] obtained from heat capacity but are higher than others obtained also from 
heat capacity for example, ΘD = 250, 257, and 242 K for CeFe4Sb12, Ce0.9Fe3CoSb12, and 
La0.9Fe3CoSb12 [1998Gaj6973], ΘD = 249 and 260 K for CeFe4Sb12 and LaFe4Sb12 
[2003Vie1221]. According to Anderson’s investigations [1963Ors909], the current isotropic 
compounds prepared from hot pressing fine powder into a dense bulk are suitable for 
determining Debye temperature from the sound velocity. Comparing ΘDs for ball milled and 
hand milled Fe4Sb12-based skutterudites (Table 3.6.1), the ball milled materials show higher ΘD 
values due to better cohesion of grains in the polycrystalline material. 
The Debye temperature can also be extracted from thermal expansion data applying a semi-
classical treatment [1996Muk1876]. For a comprehensive collection of thermal expansion data 
on skutterudites and parameters derived from a least squares fit to Mukherjee’s model 
[1996Muk1876], the reader may be referred to our recent paper [2009Rog3]. It should be men-
tioned that θDs obtained from the sound velocity measurements are in fine agreement with 
those obtained from thermal expansion [2009Rog3] for Ba0.075Sr0.025Yb0.1Co4Sb12 (ΘD = 348), 
Mm0.7Fe3CoSb12 (ΘD = 323), and Mm0.76Fe4Sb12 HM (ΘD = 295). 
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 3.6.3.3 Plasticity of skutterudites 
In uniaxial compression tests at room temperature, no plastic deformation occurs in the inves-
tigated skutterudites, which corresponds well to the low dislocation density observed in hot 
pressed skutterudites (see Chapter 3.1 and 3.2) and is therefore consistent with results that 
reveal brittle and ceramic-like behaviour [2008Liu415, 2008Rav656].  The stress−strain curve 
displayed in Fig. 3.6.2 for a selected ball milled and hot pressed sample (Mm0.75Fe3CoSb12) 
shows a compression fracture stress of ~420 MPa, which is lower than the values of 657 and 
766 MPa reported for CeFe3RuSb12 and CoSb3, respectively [2008Rav656]. This may originate 
from micro-cracks inside the sample. However, the Young’s modulus calculated from com-
pression is E = 98 GPa, which is comparable to the values from elastic measurements (Table 
3.6.1) and is consistent to the values reported for CeFe3RuSb12 (92 GPa) and CoSb3 (115 GPa) 
[2008Rav656]. 
 
Fig. 3.6.2 Stress-strain curve of compression tests for Mm0.75Fe3CoSb12 at room temperature. 
 
3.6.3.4 Vickers hardness HV 
Since the atomic size of Co or Ni differs from Fe by about 3.6 %, the substitution of Co or Ni 
for Fe is expected to increase the hardness. Fig. 3.6.3 demonstrates HV0.1 as a function of the 
Ni or Co content x for DDy(Fe1-xCox)4Sb12, DDy(Fe1-xNix)4Sb12, and Mmy(Fe1-xCox)4Sb12 pre-
pared by ball milling or hand milling. The substitutional solutions show higher HV than the 
end members (x = 0, 1). A similarly enhanced microhardness was observed by Dudkin and 
Abrikosov for nickel substituting Co in CoSb3 [1957Dud212]. DDy(Fe1-xCox)4Sb12 shows lar-
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 ger HV than DDy(Fe1-xNix)4Sb12 (the end members are not included), which may indicate that 
Co-substituted samples have larger HV than those with Ni substitutions. Fig. 3.6.4 shows that 
HV for (Ba,Sr,Yb)yCo4Sb12 (y ~ 0.23) increases linearly with density extrapolating to a value 
of HV0.1= 580 for 100% dense samples, which may also explain the low HV for hand milled 
DD-filled skutterudites of low densities (Table 3.6.1). Although moduli are an intrinsic proper-
ties of a material and fundamentally related to the atomic bonding (hardness is normally 
treated as an extrinsic property), the relation between elastic modulus and HV [2001Hai1, 
1998Che614, 2005Cac269, 2008Chu261904] is linear. Figs. 3.6.5 and 3.6.6 display the HV 
dependence on Young’s modulus and shear modulus, respectively. Regression lines (solid line) 
and their standard deviations (dashed lines) for HV-E and HV-G were calculated for ball 
milled compounds and hence the elastic constraint factors (slopes) were found cE = 3.6(4) and 
cG = 8.8(1) when HV is given in kgf/mm2 and E or G is given in GPa (see Figs. 3.6.5 and 
3.6.6). These two relations suggest a rapid way to predict moduli through hardness and vice 
versa. 
 
 
Fig. 3.6.3 Vickers hardness HV0.1 as a function of Ni or Co substitution for Fe4Sb12-based 
filled skutterudites. 
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Fig. 3.6.4 Vickers hardness HV0.1 as a function of relative density for Co4Sb12-based filled 
skutterudites. The dashed line extrapolates to 100 % densification. 
 
 
Fig. 3.6.5 Vickers hardness HV0.1 as a function of Young’s modulus for filled skutterudites 
(circles for ball milled samples and diamonds for literature data [2007Rec357]) The solid line 
and two dashed lines represent HV = 3.6E and its upper and lower deviations. 
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Fig. 3.6.6 Vickers hardness HV0.1 as a function of Shear modulus for filled skutterudites (cir-
cles for ball milled samples and diamonds for literature data [2007Rec357]). The solid line and 
two dashed lines represent HV = 8.8G and its upper and lower deviations. 
 
3.6.4 Conclusions 
 
Elastic parameters Cij, v, E, and ν were measured for a series of skutterudites by time-of-flight 
or resonant ultrasound spectroscopy methods. The weak temperature dependence of C11, indi-
cates that the elastic properties will not worsen too much within the working temperature range 
of a thermoelectric skutterudite. The values of C11, v, E and B for Co4Sb12-based skutterudites 
are slightly larger than those for Fe4Sb12-based skutterudites but the influence of filler atoms or 
filling fractions on elastic constants are slightly smaller. Due to higher density, the values for 
ball milled samples are significantly higher than those of samples hot pressed from hand 
milled powders. Debye temperatures calculated from sound velocity are comparable to the 
values obtained from thermal expansion. In all cases Co4Sb12-based skutterudites have slightly 
larger ΘD values than Fe4Sb12-based skutterudites. Although the elastic moduli are insignifi-
cantly affected by Co or Ni substitution for Fe, Vickers hardness, however, shows solution 
hardening on substitution and demonstrates a linear dependence on density, E, and G. 
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 3.7 Influence of grain size and density on the thermoelectric properties of 
CePd3 
 
3.7.1 Introduction 
 
As described above, smaller grain sizes generally lead to lower thermal conductivities due to 
enhanced phonon boundary scattering at interfaces. Furthermore, during hot compaction, small 
grains allow higher densification than coarse grains. High-density skutterudites with good TE 
performance (ZT ~ 1.2) were successfully obtained by using ball milling and hot pressing. To 
our knowledge, so far there is no CePd3 prepared from ball milling and hot pressing yet. In this 
chapter, the influence of both grain size and density on the TE properties was investigated for 
ball milled and hot pressed (BM+HP) CePd3 (CePd3(1)) and were compared with its precursor 
CePd3 (CePd3(2)) synthesized previously by R. Lackner et al. and used to investigate physical 
properties of CePd3By (y = 0 − 0.4) [2006Lac378, 2007Lac]. 
 
3.7.2 Experimental procedures 
 
The precursor compound (CePd3(2)) is the same material as reported in Ref. [2006Lac378, 
2007Lac]. Ball milling of the precursor compound was performed for 1 hour at 200 rpm for 
main disc and 500 rpm for vessels. The milled powder was hot pressed at 820°C and 56 MPa 
during 2 hours. 
 
3.7.3 Results and discussion 
 
3.7.3.1 X-ray powder diffraction analysis, density and grain size  
The XPD pattern of hot-pressed CePd3(1) shows practically no differences to the single-phase 
precursor CePd3(2). The lattice parameter, a, calculated from XPD data for the former is 
0.41263 nm consistent with a = 0.41277 nm for the latter (Table 3.7.1). It is clearly seen that 
the relative density (den.) for the BM+HP sample (98.2 %) is much higher than for its precur-
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 sor (92.9 %). The grain size estimated from the images (Fig. 3.7.1) taken from a scanning elec-
tron microscope is ~3 µm for CePd3(1) whilst it is ~600 µm for CePd3(2). 
 
Table 3.7.1: Maximal transport parameters and corresponding temperatures, lattice parameter 
(a), and relative density (den.) for CePd3(1) and literature data for CePd3(2) [2007Lac].  
Compos. Den. a ρmaxT  ρmax SmaxT  Smax κmaxT  κmax 
 % nm K µΩcm K µV/K K mW/cmK 
CePd3(1) 98.2 0.41263 102 180 132 108 53 86 
CePd3(2) 92.9 0.41277 124 157 137 106 48 122 
 
 
Fig. 3.7.1 Microstructure photos for the fracture of BM+HP CePd3(1) taken from SEM at dif-
ferent magnification: measuring bar 5 µm (a) and 2µm (b). 
 
3.7.3.2 Thermoelectric properties 
Figure 3.7.2 displays the temperature dependent electrical resistivity ρ(T) of CePd3(1, 2) together 
with model-fits as explained below. Although CePd3(1) has a higher density than CePd3(2), ρ(T) 
of the former is larger than of the latter for T<Tmax (Tmax is the temperature corresponding to 
ρmax). Higher density generally leads to lower electrical resistivity. However, the low tempera-
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 ture electrical resistivity of CePd3 is known to be sensitive to stoichiometry [1979Sco1895, 
1983Bes597, 2007Lac]; the larger resistivity of CePd3(1) at low temperatures indicates a devia-
tion of the ratio of Ce and Pd (1:3) induced during ball milling and handling. Furthermore, 
Tmax is shifted as well (Table 3.7.1). At T ~ 4.5 K ρ(T) exhibits a minimum, which is not seen 
in arc melted CePd3. This might be a result of spurious Ce-oxide, acting as Kondo impurities 
with TK ~ 9 K. Considering the Bloch-Grüneisen (B-G) law (Eq. 3.7.1) in the context of the 
Kondo model (3rd term in Eq. 3.7.2) allows to account for the ρ(T) dependence for T > Tmax 
(dotted line, Fig. 3.7.1), yielding a Debye temperature ΘD = 330 K consistent with ΘD = 300 K 
obtained from heat capacity data [1983Bes597]. 
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ρ0 is the residual resistivity and CBG is the temperature independent electron-phonon interac-
tion constant. Freimuth [1987Fre28] described the 4f contribution to the electrical resistivity in 
terms of spin fluctuations, characterised by the temperature Tf , which defines the quasielastic 
linewidth of neutron spectra, i.e., ΓQE = kBTf; the temperature T0 is interpreted as the energy at 
the center of the f-band Ef with respect to the Fermi energy EF (kBT0 = Ef – EF). The following 
equations are established [1987Fre28]: 
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where a and b are constants and Jsf represents the hybridisation integral from the overlap of the 
f- and s,d-wavefunctions.  Since there is a weak shoulder in ρ(T) at T ≈ 30 K, Freimuth’s 
model was modified, extending Eq. 3.7.4 [2007Lac]: 
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Least squares fits according to Eq. 3.7.4 (solid lines) and Eq. 3.7.5 (dashed lines) are displayed 
in Fig. 3.7.2. Results of the fitting are listed in Table 3.7.2. The extended model (Eq. 3.7.5) 
generates a perfect fitting of ρ(T) over the entire temperature range without changing Tf and T0 
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 significantly compared to the single peak model. Both fits according to Eqs. 3.7.4 and 3.7.5 
clearly show a larger Tf but a smaller T0 for BM+HP CePd3(1) than for CePd3(2). 
Figure 3.7.3 displays the temperature dependent Seebeck coefficient and fits according to 
models of Freimuth [1987Fre28] and Koterlyn [2001Kot6]. The shoulder at low temperature is 
distinctly seen in S(T) for both samples. BM+HP CePd3(1) shows larger S values than CePd3(2) 
for 15<T<100 K particularly at those temperatures where the shoulder appears. The modified 
model of Freimuth reads [1987Fre28, 2007Lac]: 
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The model according to Koterlyn is based on the case of maximum orbital degeneracy (Nf = 
2J+1) for intermediate valent Ce and leads to [2001Kot6]: 
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The fitting quality of Eq. 3.7.6 (Fig. 3.7.3, solid lines) is much better than that of Eq. 3.7.7 (Fig. 
3.7.3, dash lines), since Eq. 3.7.7 only allows fitting a single maximum in S(T). The difference 
of Tf (or T0) for CePd3(1) and CePd3(2) derived from Eq. 3.7.6 is much lower than the corre-
sponding one of ρ(T) (Table 3.7.2). The values obtained for Tf in this work are consistent with 
Tf = 250 K given by [1985Law2537]. 
 
Table 3.7.2: Fit parameters with various models for CePd3(1) and literature data for CePd3(2) 
[2007Lac], for details see text. 
Compos. Model Fitted data ΘD Tf,1 T0,1 Tf,2 T0,2 TK B 
 Equations  K K K K K K ×108 
CePd3(1) 3.7.1 and 3.7.2 ρ(T>100 K) 330 - - - - - - 
 3.7.4 ρ(T>85 K) - 237 28 - - - - 
 3.7.5 ρ(T) - 281 24 79 23 - - 
CePd3(2) 3.7.4 ρ(T>85 K) - 180 43 - - - - 
 3.7.5 ρ(T) - 223 40 28 42 - - 
CePd3(1) 3.7.6 S(T) - 268 65 52 11 - - 
 3.7.7 S(T) - - - - - 206 - 
CePd3(2) 3.7.6 S(T) - 250 67 70 9 - - 
 3.7.7 S(T) - - - - - 222 - 
CePd3(1) 3.7.9 κ(T) 329 - - - - - 2.01 
CePd3(2) 3.7.9 κ(T) 350 - - - - - 1.87 
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Fig. 3.7.2 Temperature dependent electrical resistivity and its theoretical fits with various 
models for CePd3 prepared from ball milling and hot pressing (CePd3(1)) and from normal heat 
treatment (CePd3(2)) [2007Lac]. For details see text. 
 
 
 
Fig. 3.7.3 Temperature dependent Seebeck coefficient and its theoretical fits with various 
models for CePd3 prepared from ball milling and hot pressing (CePd3(1)) and from normal heat 
treatment (CePd3(2)) [2007Lac]. For details see text. 
 
Figure 3.7.4 illustrates the measured thermal conductivity κmeas. for CePd3(1) as well as the par-
tial contributions deduced: radiation losses according to κrad. = AT3, the corrected total thermal 
conductivity κ = κmeas. – κrad., the electronic contribution ρκ /0TLe = (Wiedemann-Franz law, 
assuming a temperature independent Lorenz number L0 = 2.45 × 10-8 V2/K2), the lattice contri-
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 bution κl = κ – κe, the lattice thermal conductivity with radiation losses κl+rad = κmeas. – κe, and 
the minimal thermal conductivity [1911Ein679, 1989Cah927], 
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The lattice thermal conductivity can be described in terms of Callaway’s model [1959Cal1046]: 
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where τc is the phonon relaxation time, including various terms for phonon scattering: 
11111 −
−
−−−− +++= phelUDBc τττττ  (3.7.10). 
The parameters of Eq. 3.7.10 refer to scattering contributions of boundary, point defect, 
Umklapp processes, and electron-phonon interaction. The boundary scattering ( ) is 
inversely proportional to the grain size as smaller grain sizes result in a higher amount of 
boundaries. Callaway’s model in combination with a correction for radiation losses fits well to 
κ
BB =−1τ
l+rad (dashed lines, Figs. 3.7.4 and 3.7.5). The boundary scattering parameter B (Table 3.7.2) 
for CePd3(1) is slightly larger than for CePd3(2) emphasizing the effect of small grain sizes. The 
Debye temperature obtained for CePd3(1), ΘD = 329 K, is comparable to ΘD = 350 K for 
CePd3(2) and is consistent with ΘD = 330 K obtained from ρ(T) data (Table 3.7.2).  
The ZT value calculated is shown as a function of temperature in Fig. 3.7.6. Although for 15 
K<T<100 K BM+HP CePd3(1) has a larger S and a smaller κ than CePd3(2), the significantly 
increased resistivity ρ possibly prohibits an improvement of ZT for the former; thus the former 
and the latter are characterized by almost identical values of the figure of merit ZT.  
 
3.7.4 Conclusions 
Highly compacted CePd3 was prepared by ball milling and hot pressing from single-phase 
precursor material of CePd3. The average grain size and relative density is ~3 µm and 98.2 % 
for the former, respectively, while it is ~ 600 µm and 92.9 % for the latter. The BM+HP sam-
ple has a larger Seebeck coefficient (15<T<100 K) and a lower lattice thermal conductivity 
(15<T<150 K) than its precursor. However, the enhanced resistivity of the BM+HP sample 
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 most likely driven by deviations of stoichiometry compensates the potentially high ZT and 
thus the BM+HP sample has the same ZT as its precursor. 
 
Fig. 3.7.4 Thermal conductivity for CePd3(1): Measured thermal conductivity κmeas., lattice 
thermal conductivity with radiation loss κl+rad., electronic contribution κe, lattice contribution κl, 
radiation loss κrad. (proportional to T3), corrected total thermal conductivity κ after subtracting 
radiation loss, and minimal thermal conductivity κmin. The dashed line shows the Callaway 
model fitted to the lattice thermal conductivity with radiation loss. For details see text. 
 
 
Fig. 3.7.5 The corrected total thermal conductivity (κ) and lattice thermal conductivity (κl). 
The dashed lines are fitting curves using the Callaway model. 
- 125 - 
  
Fig. 3.7.6 Temperature dependent ZT for CePd3(1) and CePd3(2) [2007Lac]. 
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 4. Summary 
 
In the present thesis, both p- and n-type high efficiency nanostructured filled skutterudites 
were fabricated by hot pressing from ball milled powders and by high-pressure torsion. The 
investigations concern: synthesis, optimisation of compositions, low dimensional effects, 
nano-grain stabilization, physical transport and mechanical properties.  
Experiments of mechanical alloying/ball milling of unfilled skutterudites have been performed 
under various milling conditions to optimise the synthesis of nano-sized skutterudites and to 
elucidate formation and decomposition of skutterudites. State-of-the-art X-ray techniques have 
been used to evaluate the dislocation density and the size distribution of the smallest crystal-
lographically undisturbed regions (coherent scattering domains), which in many cases are sig-
nificantly smaller than the physical grain size.  
TE behaviour was studied for nanostructured skutterudites (300<T<800 K) and was compared 
with data for micro-structured skutterudites. The decrease of the crystallite size from micro-
scale (~50 µm) to nano-scale (~250 nm) in all cases improves the figure of merit by about 20 
%. Dislocations have no influence on ZT since the dislocation density after hot pressing is as 
low as 1012 m-2. The influence of in situ oxide precipitations on the stability of the nanostruc-
tures at 600 °C was investigated and compared with oxide-free nano-sized skutterudites. It was 
shown that at 600 °C the crystallites of nano-sized CoSb3 grow rapidly reaching micro-size 
after 90 hours, while in-situ oxide stabilized nanostructured MmFe4Sb12 with crystallite size 
below 300 nm do not show coagulation even after 600 hours of heat treatment at 600 °C. From 
the impurities point of view, FeSb2 and Sb have little effect on the figure of merit whilst the 
presence of MmSb2 and oxides reduces the thermoelectric performance, when these phases are 
segregated at the grain boundaries.  
Comparing TE properties for MmyFe4-xCoxSb12 with x=0 and x=1 within the temperature range 
from 300 K to 800 K with data for corresponding CeyFe4-xCoxSb12, no decrease of thermal 
conductivity at high temperatures was observed changing from a single atom filler (Ce) to a 
multi-element filler (Mm) because of the similar resonance frequencies for the Mm-elements. 
The electrical resistivity of MmyFe4-xCoxSb12 was found to be lower than or similar to that of 
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 CeyFe4-xCoxSb12. Accordingly the figure of merit for MmFe3CoSb12 exceeds ZT=1 at tempera-
tures above 600 K. Different from Mm multi-filled skutterudite, a significant improvement of 
ZT is achieved by (Sr,Ba,Yb) triple-filled skutterudites due to a significant reduction of elec-
trical resistivity and lattice thermal conductivity, which originated from the various resonance 
frequencies and atomic masses of the filler elements. Comparing the influence of single, dou-
ble, triple, and quadruple filling on TE properties for (Ca,Sr,Ba,Mm,Yb)yCo4Sb12, triple filling 
is found to achieve the lowest electrical resistivity and lattice thermal conductivity and conse-
quently the highest ZT. Moreover, it shows that Yb-filling in triple-filled skutterudites displays 
better thermoelectric performance than Mm-filling and the ratio of alkaline earth to rare earth 
is a critical parameter to reach a high ZT. The impacts of Ni-substitution on transport proper-
ties for double filled n-type skutterudites are discussed. 
High pressure torsion (HPT) under 2 GPa for filled skutterudites reduces the crystallite size to 
about 47 nm and arrives at a dislocation density of 7.0×1014 m-2 for Ba0.06Co4Sb12. While at 
T<5.6 K the electrical resistivity of HPT processed Pr0.67Fe3CoSb12 and Pr0.71Fe3.5Ni0.5Sb12 
does not indicate long-range magnetic order, the temperature dependent susceptibility eluci-
dates antiferromagnetic ordering after HPT although the anomaly at the phase transition be-
comes washed out. In comparison with the microstructures of milled and hot pressed samples, 
those after HPT exhibit lamellar grains and amorphous aggregations. These achieve a decrease 
of thermal conductivity but an extraordinary high increase of electrical resistivity, which in 
sum deteriorates the figure of merit. Since it is shown that this high increase also arises from 
microcracks induced by HPT, modifications of the HPT parameter chosen are suggested to 
fabricate microcrack-free samples.   
Time of flight and resonant ultrasound spectroscopy techniques were employed for elastic 
moduli measurements on a set of various Fe4Sb12- and Co4Sb12-based skutterudites filled by 
mischmetal or alkaline earths (Ca, Sr, Ba). A weak temperature influence on the longitudinal 
modulus C11 indicates weak degradation of elastic properties within the thermoelectric work-
ing temperature range. Nanostructured samples illustrate an obvious improvement of elastic 
properties in relation to those with micro-size. Elastic moduli for Co4Sb12-based skutterudites 
are only slightly higher than for Fe4Sb12-based skutterudites, and the influence of various filler 
atoms or filling fractions on the elastic moduli is even smaller. Debye temperatures calculated 
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 from sound velocity measurements are comparable to the values obtained from the parameters 
fitted to thermal expansion, which indicate that Co4Sb12-based skutterudites have slightly 
higher values than Fe4Sb12-based skutterudites. Vickers hardness is increased by Co or Ni sub-
stitution and demonstrates a linear dependence on density, Young’s modulus, and shear 
modulus. 
Ball milling and hot pressing was employed for producing high density CePd3 with small 
grains from precursor material (single-phase arc melted CePd3). The average grain size is 
around 3 µm and the relative density is 98.2 % for the former whilst it is around 600 µm and 
92.9 % for the latter, respectively. The ball milled and hot pressed (BM+HP) sample has a 
higher Seebeck coefficient (15<T<100 K) and a lower lattice thermal conductivity (15<T<150 
K). However, the figure of merit ZT is not improved for the BM+HP sample because of high 
electrical resistivity induced by the deviation of the composition during the various processing 
steps. 
 
- 129 - 
 References 
[1821See289] T.J. Seebeck, Abh. K. Akad. Wiss., Berlin, 289, 1821. 
[1823See265] T.J. Seebeck, Abh. K. Akad. Wiss. Berlin, 265, 1823. 
[1834Pel371] J.C. Peltier, Ann. Chim. 56, 371 (1834) 
[1851Tho91] W. Thomson, Proc. Royal Soc. Of Edinburgh, 91 (1851) 
[1909Alt560] E. Altenkirch, Physikalische Zeitschrift, 10 (1909) 560–580. 
[1911Alt920] E. Altenkirch, Physikalische Zeitschrift, 12 (1911) 920–924. 
[1911Ein679] A. Einstein, Ann. Phys. (Leipzig) 35 (1911) 679. 
[1918Sch98] P. Scherrer, Nachrichten der Gesellschaft der Wissenschaften zu 
Göttingen 2 (1918) 98-100. 
[1954Pag833] S.F. Pugh, Phil. Mag. 45 (1954) 833−838. 
[1956Dud2096] L.D. Dudkin and N. Kh. Abrikosov, Zh. Neorg. Khim. 1 (1956) 2096. 
[1957Dud212] L.D. Dudkin and N. Kh. Abrikosov, Zh. Neorg. Khim. 2 (1957) 212–221. 
[1959Cal1046] J. Callaway, Phys. Rev. 113 (1959) 1046–1051. 
[1959Lan13] L.D. Landau, E.M. Lifshitz, Theory of Elasticity, Pergamon, London, 
1959, pp.13 and 99. 
[1963ors909] O.L. Anderson, J. Phys. Chem. Solids 24 (1963) 909−917. 
[1964Cut1143] M. Cutler, J.F. Leavy, R.L. Fitzpatrick, Phys. Rev. 133 (1964) A1143. 
[1964Wil459] M. Wilkens, H. Eckert, Z. Naturforsch, Teil A 19 (1964) 459–470. 
[1967Rie151] H.M. Rietveld, Acta Cryst. 22 (1967) 151–152. 
[1968Kit186] C.Kittel, Introduction to Solid State physics, Wiley, New York, 1968, pp. 
186. 
[1969Fis] V.I. Fisul, Heavily Doped Semiconductors, Plenum, New York, 1969. 
[1969Rie65] H. M. Rietveld, J. Appl. Cryst. 2 (1969) 65−71. 
[1970Wil] M. Wilkens, Fundamental aspects of dislocation theory Vol. II., Spec 
Publ No. 317, Natl Bur Stand (US) Washington DC, 1970. 
[1973Gam506] R. Gambino, W. Grobman, A. Toxen, Appl. Phys. Lett. 22 (1973) 506–
507. 
[1977Jei3401] W. Jeitschko, D. Braun, Acta Cryst. 33 (1977) 3401-3405. 
[1979Sco1895] P. Scoboria, J.E. Crow, T. Mihalisin, J. Appl. Phys. 50 (1979) 1895–
1897.  
[1980Led305] H.M. Ledbetter, N.V. Frederick, M.W. Austin, J. Appl. Phys. 51 (1980) 
305−309. 
[1980Row347] D.M. Rowe, C.M. Bhandari, Appl. Energy 6 (1980) 347−351. 
[1981Sch193] H. Schneider, D. Wohlleben, Z. Phys. B 44 (1981) 193−202. 
[1983Bes597] M. Besnus, J. Kappler, A. Meyer, J. Phys. F: Met. Phys. 13 (1983) 597–
606. 
[1985Law2537] J. Lawrence, J. Thompson, Y. Chen, Phys. Rev. Lett. 54 (1985) 2537–
2540. 
[1986Gol29] H.J. Goldsmid, Electronic Refrigeration, Pion Limited, London, 1986, pp. 
29–63. 
[1986Smi1170] N.A. Smirnova, V.I. Levit, V.I. Pilyugin, R.I. Kuznetsov, L.S. Davydova, 
V.A. Sazonova, Fiz. Met. Metalloved. 61 (1986) 1170–1177. 
[1987Fre28] A. Freimuth, J. Magn. Magn. Mater. 68 (1987) 28−38. 
[1987Jac572] D. Jaccard, M.J. Besnus, J.P. Kappler, J. Magn. Magn. Mater. 63–64 
(1987) 572–574. 
[1988Wil47] M. Wilkens, in: Kettunen PO (Eds.), Proc. Of the 8th Int. Conf. Strength 
of Metals and Alloys (ICSMA 8) Oxford Pergamon, 1988, pp 47-152. 
[1989Cah927] D. Cahill, R. Pohl, Solid State Commun. 70 (1989) 927–930. 
[1990Ish1232] K. Ishida, T. Nishizawa, in: Massalski TB (Eds.), Binary alloy phase 
diagrams, second ed., ASM International Materials Park, Ohio, 1990, pp. 
1232−1234. 
[1991Ste140] N.T. Stetson, S.M. Kauzlarich and H. Hope. J. Solid State Chem. 91 
- 130 - 
 (1991), 140–147. 
[1993Cai98] T. Caillat, A. Borshchevsky, J.P. Fieurial, Proc. 11th Int. Conf. Thermoe-
lectrics (ICT1993) IEEE, New York, 1993, pp. 98−102. 
[1993Rod55] J. Rodriguez-Carvajal, Physica B 192 (1993) 55−69. 
[1995Jen119] D. Juul Jensen, in: N. Hansen, D. Juul Jensen, Y.L. Liu, B.Ralph (Eds.), 
Microstructural and Crystallographic Aspects of Recrystallization, 16th 
Risø Int. Symp. Mater. Sci., Risø National Lab., Roskilde, Denmark, 
1995, pp. 119. 
[1995Mor3777] D.T. Morelli, G.P. Meisner, J. Appl. Phys. 77 (1995) 3777−3781. 
[1995Sla407] G.A. Slack, in: D.M. Rowe (ed.) CRC Handbook of Thermoelectrics, 
CRC, Boca Raton, FL, 1995, pp. 407−440. 
[1995You] R.A. Young (ed.), The Rietveld Method (IUCr Monographs on Crystal-
lography), Oxford University Press Inc., New York, 1995. 
[1996Abd725] M. Abdellaoui, E. Gaffet, Acta Mater. 44 (1996) 725−734. 
[1996Bor112] A. Borshchevsky, T. Caillat, J.P. Fleurial, Proc. 15th Int. Conf. on Ther-
moelectrics (ICT 1996) IEEE, New York, 1996, pp. 112–116. 
[1996Cai4442] T. Caillat, A. Borshchevsky, J.P. Fleurial, J. Appl. Phys. 80 (1996) 
4442−4449. 
[1996Fel6273] J.L. Feldman, D.J. Singh, Phys. Rev. B: Condensed Matter 53 (1996) 
6273-6282. 
[1996Fle91] J.P. Fleurial, A. Borshchevsky, T. Caillat, D.T. Morelli, G.P. Meisner, 
Proc. 15th Int. Conf. on Thermoelectrics (ICT 1996) IEEE, New York, pp. 
91−95. 
[1996Mah58] G. D. Mahan, Bull. Am. Phys. Soc. 41 (1996) 58. 
[1996Muk1876] G.D. Mukherjee, C. Bansal, A. Chatterjee, Phys. Rev. Lett. 76 (1996) 
1876−1879. 
[1996Sal1325] B.C. Sales, D. Mandrus, R.K. Williams, Science 272 (1996) 1325−1328. 
[1996Ung3173] T. Ungár, A. Borbély, Appl. Phys. Lett. 69 (1996) 3173−3175. 
[1997Doh219] R.D. Doherty, D.A. Hughes, F.J. Humphreys et al. Mater. Sci. Eng. A 
238 (1997) 219–274. 
[1997Mah81] G. D. Mahan, in: H. Ehrenreich, F. Speapen (Eds.), Solid State Physics, 
Academic, New York, 1997, pp. 81. 
[1997Man42] G. Mahan, B. Sales, J. Sharp Phys. Today 50 (1997) 42–47. 
[1997Man199] D. Mandrus, B.C. Sales, V. Keppens, et al., Mat. Res. Soc. Symp. Proc. 
478 (1997) 199–209. 
[1997Mor7376] D.T. Morelli, G.P. Meisner, B. Chen, S. Hu, and C. Uher, Phys. Rev. B 
56 (1997) 7376−7383. 
[1997Nak351] H. Nakagawa, H. Tanaka, A. Kasama, H. Anno, K. Matsubara, Proc. 16th 
Int. Conf. Thermoelectrics (ICT 1997) IEEE, New York, 1997, pp. 351–
355. 
[1997Nak401] Y. Nakada, T. Kimura, J. Am. Ceram. Soc. 80 (1997) 401–406. 
[1997NASA] Cassini-Huygens (1997-Prsent). Mission to Saturn and Titan, NASA, 
http://saturn.jpl.nasa.gov/home/index.cfm 
[1997Sal15081] B.C. Sales, D. Mandrus, B.C. Chakoumakos, V. Keppens, J.R. Thomp-
son, Phys. Rev. B 56 (1997) 15081–15089. 
[1997Uhe315] C. Uher, B. Chen, S. Hu, D.T. Morelli, G.P. Meisner, Mat. Res. Soc. 
Symp. Proc. 478 (1997) 315–320. 
[1997Uhe478] Uher C, Chen B, Hu S, Morelli D T and Meisner G P 1997 Mat. Res. 
Soc. Symp. Proc. 478 315 
[1998Ann5270] H. Anno, K. Hatada, H. Shimizu, K. Matsubara, Y. Notohara, T. Sakaki-
bara, H. Tashiro, K. Motoya. J. Appl. Phys. 47 (1998) 5270−5276. 
[1998Cha761] L. Chapon, D. Ravot, J.C. Tedenac, C. R. Acad. Sci. Ser. II c t. 1 (1998) 
761−763. 
[1998Che614] Y.T. Cheng, C.M. Cheng, Appl. Phys. Lett. 73 (1998) 614–616. 
- 131 - 
 [1998Dil6287] N.R. Dilley, E.J. Freeman, E.D. Bauer, M.B. Maple, Phys. Rev. B 58 
(1998) 6287–6290. 
[1998Gaj6973] D.A. Gajewski, N.R. Dilley, E.D. Bauer, E.J. Freeman, R. Chau, M.B. 
Maple, D. Mandrus, B.C. Sales, A. Lacerda, J. Phys.: Condens. Matter 10 
(1998) 6973–6985. 
[1998Kep876] V. Keppens, D. Mandrus, B.C. Sales, B.C. Chakoumakos, P. Dai, R. 
Coldea, M.B. Maple, D.A. Gajewski, E.J. Freeman, S. Bennington, Na-
ture 395 (1998) 876–878. 
[1998Nag302] Y. Nagamoto, K. Tanaka, T. Koyanagi, 17th Int. Conf. Thermoelectrics 
(ICT 1998) IEEE, New York, 1998, pp. 302–305. 
[1998Nol164] G.S. Nolas, J.L. Cohn, G.A. Slack, Phys. Rev. B 58 (1998) 164–170. 
[1998Row323] D.M. Rowe, V.L. Kuznetsov, L.A. Kuznetsova, Proc. 17th Int. Conf. on 
Thermoelectrics (ICT 1998) IEEE, New York, 1998, pp. 323–325. 
[1999Ann3780] H. Anno, K. Matsubara, Y. Notohara, T. Sakakibara, H. Tashiro, J. Appl. 
Phys. 86 (1999) 3780–3786. 
[1999Iji1283] Y. Ijiri, F.J. DiSalvo, Phys. Rev. B 55 (1997) 1283–1287. 
[1999Kat348] S. Katsuyama, H. Kusaka, M. Ito, K. Majima, H. Nagai, Proc. 18th Int. 
Conf. on Thermoelectrics (ICT 1999) IEEE, New York, 1999, pp. 348–
351. 
[1999Lei395] A. Leithe-Jasper, D. Kaczorowski, P. Rogl, J. Bogner, M. Reissner, W. 
Steiner, G. Wiesinger, C. Godart, Solid State Commun. 109 (1999) 395–
400. 
[1999Nol89] G.S. Nolas, D.T. Morelli, T.M. Tritt, Annu. Rev. Mater. Sci. 29 (1999) 
89–116. 
[1999Pro663] K. Proctor, C. Jones, F. DiSalvo, J. Phys. Chem. Solids, 60 (1999) 663–
671. 
[1999Rev992] B. Revesz, A. Borbély, J. Appl. Cryst. 32 (1999) 992–1002. 
[1999Uch454] H. Uchida, A. Kasama, Y. Itsumi, K. Matsubara, Proc. 18th Int. Conf. on 
Thermoelectrics (ICT 1999) IEEE, New York, 1999, pp. 454–457. 
[1999Ung425] T. Ungár, G. Tichy, Phys. Stat. Sol. A 171 (1999) 425–434. 
[1999Ung992] T. Ungár, I. Dragomir, Á. Révész, A. Borbély, J. Appl. Cryst. 32 (1999) 
992-1002. 
[2000Ann47] H. Anno, K. Matsubara, Recent Res. Devel. Appl. Phys. 3 (2000) 47–61. 
[2000Bau483] E. Bauer, A. Galatanu, H. Michor, G. Hilscher, P. Rogl, P. Boulet, H. 
Noël, Eur. Phys. J. B 14 (2000) 483–493. 
[2000Chu1024] D.Y. Chung, T. Hogan, P. Brazis, M. Rocci-Lane, C. Kannewurf, M. 
Bastea, C. Uher, M.G. Kanatzidis, Science 287  (2000) 1024–1027. 
[2000Kat3484] S. Katsuyama, Y. Kanayama, M. Ito, K. Majima, H. Nagai, J. Appl. Phys. 
88 (2000) 3484−3489. 
[2000Kepz13] V. Keppens, B.C. Sales, D. Mandrus, B.C. Chakoumakos, C. Laermans, 
Mat. Res. Soc. Symp. Proc. 626 (2000) Z13.3 
[2000Kit185] H. Kitagawa, M. Hasaka, T. Morimura, H. Nakashima, S. Kondo, Mater. 
Res. Bull. 35 (2000) 185–192. 
[2000Nol52] G.S. Nolas, H. Takizawa, T. Endo, H. Sellinschegg, D.C. Johnson, Appl. 
Phys. Lett. 77 (2000) 52–54. 
[2000Nol1855] G.S. Nolas, M. Kaeser, R.T. Littleton IV, T.M. Tritt, Appl. Phys. Lett. 77 
(2000) 1855–1857. 
[2000Sal2475] B.C. Sales, B.C. Chakoumakos, D. Mandrus, Phys. Rev. B 61 (2000) 
2475–2478. 
[2000UheZ10] C. Uher, J.S. Dyck, W. Chen, G.P. Meisner, J. Yang, Mat. Res. Soc. 
Symp. Proc. 626 (2000) Z10.3. 
[2001Bau224414] E. Bauer, St. Berger, A. Galatanu, M. Galli, H. Michor, G. Hilscher, Ch. 
Paul, B. Ni, M.M. Abd-Elmeguid, V.H. Tran, A. Grytsiv, P. Rogl, Phys. 
Rev. B 63 (2001) 224414. 
[2001Che1864] L. Chen, T. Kawahara, X. Tang, T. Goto, T. Hirai, J. Dyck, W. Chen, C. 
- 132 - 
 Uher, J. Appl. Phys. 90 (2001) 1864–1868. 
[2001Hai1] J. Haines, J.M. Leger, G. Bocquillon, Ann. Rev. Mater. Res. 31 (2001) 1–
23.  
[2001Har8] J.S. Harper, R. Gronsky, Mat. Res. Soc. Symp. Proc. 652 (2001) Y8.5.1. 
[2001Kot6] M. Koterlyn, O. Babych, G. Koterlyn, J. Alloys Compd. 325 (2001) 6–
11. 
[2001Nak184429] Y. Nakanishi, T. Simizu, M. Yoshizawa, T.D. Matsuda, H. Sugawara, H. 
Sato, Phys. Rev. B 63 (2001) 184429. 
[2001Nol] G. S. Nolas, J. Sharp, H. J. Goldsmid, Thermoelectrics: Basic Principles 
and New Materials Developments, Springer-Verlag, Heidelberg, 2001. 
[2001Rib669] G. Ribárik, T. Ungár, J. Gubicza, J. Appl. Cryst. 34 (2001) 669−767. 
[2001Roi118] T. Roisnel, J. Rodriguez-Carvajal, Mater. Sci. Forum 378−381 (2001) 
118−123. 
[2001Sur1] C. Suryanarayana, Prog. Mater. Sci. 46 (2001) 1–184. 
[2001Tan3343] X. Tang, L. Zhang, R. Yuan, L. Chen, T. Goto, T. Hirai, J. Dyck, W. 
Chen, C. Uher, J. Mater. Res. 16 (2001) 3343. 
[2001Uhe139] C. Uher, Semiconduct. Semimet. 69 (2001) 139–253. 
[2001Ung298] T. Ungár, J. Gubicza, G. Ribárik, A. Borbély, J. Appl. Cryst. 34 (2001) 
298−310. 
[2002AnnG24] H. Anno, K. Ashida, K. Matsubara, G.S. Nolas, K. Akai, M. Matsuura, J. 
Nagao, Mat. Res. Soc. Symp. Proc. 691 (2002) G2.4.1. 
[2002Bau214421] E. Bauer, St. Berger, Ch. Paul, M. Della Mea, G. Hilscher, H. Michor, M. 
Reissner, W. Steiner, A. Grytsiv, P. Rogl, E.W. Scheidt, Phys. Rev. B 66 
(2002) 214421. 
[2002Che197] L.D. Chen, Key Eng. Mat. 224–226 (2002) 197–200. 
[2002Dra556] I. Dragomir, T. Ungár, J. Appl. Cryst. 35 (2002) 556-564. 
[2002Dyc115204] J. S. Dyck, W. Chen, J. Yang, G. P. Meisner, C. Uher, Phys. Rev. B 65, 
(2002) 115204. 
[2002Dyc3698] J. S. Dyck, W. Chen, C. Uher, L. D. Chen, X. F. Tang, T. Hirai, J. Appl. 
Phys. 91 (2002) 3698–3705. 
[2002Gry836] A. Grytsiv, P. Rogl, S. Berger, C. Paul, E. Bauer, C. Godart, A. Saccone, 
R. Ferro, D. Kaczorowski, Mat. Res. Soc. Symp. Proc. 691 (2002) G8.36. 
[2002Nak249] Y. Nakanishi, T. Yamaguchi, H. Hazama, T. Goto, T.D. Matsuda, H. 
Sugawara, H. Sato, M. Yoshizawa, J. Phys. Soc. Jpn. 71 (2002) Suppl. 
249–251 
[2002NakL715] Y. Nakanishi, M. Yoshizawa, T. Yamaguchi, H. Hazama, Y. Nemoto, T. 
Goto, T.D. Matsuda, H. Sugawara, H. Sato, J. Phys. Cond. Matter, 14  
(2002) L715–L720. 
[2002Pas134435] S. Paschen, V. H. Tran, M. Baenitz, W. Carrillo-Cabrera, Yu. Grin, F. 
Steglich, Phys. Rev. B 65 (2002) 134435. 
[2002Sca190] P. Scardi, M. Leoni, J. Acta. Cryst. A 58 (2002) 190−200. 
[2003Ber18] D. Berardan, C. Godart, E. Alleno, St. Berger, and E. Bauer: J. Alloys 
Compd. 351 (2003) 18–23. 
[2003Ber93] L. Bertini, K. Billquist, M. Christensen, et al., Proc. 22nd Int. Conf. 
Thermoelectrics (ICT 2003) IEEE, New York, 2003, pp. 93–96. 
[2003Kaj81] T. Kajitani, Y. Ono, Y. Miyazaki, M. Sluiter, L.D. Chen, T. Goto, Y. 
Kawazoe, Proc. 22nd Int. Conf. Thermoelectrics (ICT 2003) IEEE, New 
York, 2003, pp. 81–84. 
[2003Kum471] T. Kumagai, Y. Nakanishi, H. Sugawara, H. Sato, M. Yoshizawa, 
Physica B 329–333 (2003) 471–473. 
[2003Puy56] M. Puyet, B. Lenoir, A. Dauscher, M. Dehmas, P. Weisbecker, S.J. 
Clarke, C. Stiewe, E. Müeller, Proc. 22nd Int. Conf. Thermoelectrics 
(ICT 2003) IEEE, New York, 2003, pp. 56–59. 
[2003Vie1221] R. Viennois, F. Terki, A. Errebbahi, S. Charar, M. Averous, D. Ravot, 
- 133 - 
 J.C. Tedenac, P. Haen, C. Sekine. Acta Phys. Pol. B 34 (2003) 1221– 
1224. 
[2003Yan785] L. Yang, J.S. Wu, L.T. Zhang, Acta. Metall. Sin. 39 (2003) 785−789. 
[2004Got180511] T. Goto, Y. Nemoto, K. Sakai, T. Yamaguchi, M. Akatsu,. T. Y
sawa, H. Hazama, K. Onuki, H. Sugawara, H. Sato, Phys. Rev. B 69 
(2004) 180511.  
anagi-
hi-
[2004Hua181] X.Y. Huang, Z. Xu, L.D. Chen, Solid State Commun. 130 (2004) 181–
185. 
[2004Im49] J.T. Im, K.T. Hartwig, J. Sharp, Acta Mater. 52 (2004) 49–55. 
[2004Kim107] S.S. Kim, S. Yamamoto, T. Aizawa, J. Alloys Compd. 375 (2004) 107– 
113. 
[2004Nak064409] Y. Nakanishi, T. Kumagai, M. Yoshizawa, H. Sugawara, H. Sato, Phys. 
Rev. B 69 (2004) 064409. 
[2004Pau373] Ch. Paul, E. Bauer, St. Berger, A. Grytsiv, G. Hilscher, H. Michor, P. 
Rogl, J. Mag. Mag. Mat. 272–276 (2004) 373–374. 
[2004Puy4852] M. Puyet, B. Lenoir, A. Dauscher, J. Appl. Phys. 95 (2004) 4852–4855.  
[2004PuyS4] M. Puyet, B. Lenoir, A. Dauscher, H. Scherrer, M. Dehmas, J. 
Hejtmanek, C. Stiewe, E. Müller, Mat. Res. Soc. Symp. Proc. 793 (2004) 
S4.1 
[2004Rib343] G. Ribárik, J. Gubicza, T. Ungár, Mater. Sci. Eng. A 387-389 (2004)  
343-347.  
[2004Shi2301] X. Shi, L. Chen, J. Yang, G.P. Meisner, Appl. Phys. Lett. 84 (2004) 
2301−2303. 
[2004Top1189] M.S. Toprak, C. Stiewe, D. Platzek, S. Williams, L. Bertini, E. Müller, C. 
Gatti, Y. Zhang, M. Rowe, M. Muhammed, Adv. Funct. Mater. 14 (2004) 
1189−1196. 
[2004Yan114] L. Yang, J.S. Wu, L.T. Zhang, J. Alloys Compd. 375 (2004) 114−119. 
[2004Yan97] L. Yang, J.S. Wu, L.T. Zhang, Mater. Design 25 (2004) 97−102. 
[2004Yos315] M. Yoshizawa, Y. Nakanishi, T. Kumagai, M. Oikawa, C. Sekine, I. S
rotani. J. Phys. Soc. Jpn. 73 (2004) 315–318. 
[2004Zad154] B.J. Zadler, J. Le Rousseau, J.A. Scales, M.L. Smith, Geophysics. J. Int. 
156 (2004) 154–169. 
[2004Zeh329] M.J. Zehetbauer, J. Kohout, E. Schafler, F. Sachslehner, A. Dubravina, J. 
Alloys Compd. 378 (2004) 329–334. 
[2004Zha537] D.L. Zhang, Prog. Mater. Sci. 49 (2004) 537–560. 
[2004Zha59] J.X. Zhang, L. Zhang, Q.M. Lu, K.G. Liu, J. Funct. Mater. Device 1 
(2004) 59−62. 
[2005Ber033710] D. Berardan, E. Alleno, C. Godart, M. Puyet, B. Lenoir, R. Lackner, E. 
Bauer, L. Girard, D. Ravot, J. Appl. Phys. 98 (2005) 33710. 
[2005Bou28] B. Bourgoin, D. Berardan, E. Alleno, C. Godart, Proc. 3rd Europ. Conf. 
Thermoelectrics (ECT 2005), Nancy, France, 2005, O28. 
[2005Bou47] B. Bourgoin, D. Berardan, E. Alleno, C. Godart, O. Rouleau, E. Leroy, J. 
Alloys Compd. 399 (2005) 47−51. 
[2005Cac269] C.H. Cáceres, W.J. Poole, A.L. Bowles, C.J. Davidson, Mater. Sci. Eng. 
A 402 (2005) 269–277. 
[2005Gry29] A. Grytsiv, P. Rogl, Ch. Paul, R. Lackner, E. Bauer, A. Saccone, M. 
Rotter, Proc. 3rd Europ. Conf. on Thermoelectrics (ECT 2005), Nancy, 
France, 2005, O29. 
[2005He] T. He, J.J. Krajewski, M.A. Subramanian, US Patent – US 2005/0229963 
A1, 2005. 
[2005He1] T. He, J.J. Krajewski, M.A. Subramanian, US Patent – US 2005/0229963 
A1, 2005. 
[2005Kit449] H. Kitagawa, M. Wakatsuki, Y. Isoda, Y. Shinohara, K. Hasezaki, Y. 
Noda, Proc. 24th Int. Conf. Thermoelectrics (ICT 2005) IEEE, New York, 
- 134 - 
 2005, pp. 449–452. 
[2005Lam113715] G.A. Lamberton, Jr., R.H. Tedstrom, T.M. Tritt, G.S. Nolas, J. Appl. 
Phys. 97 (2005) 113715. 
[2005Lew] N.S. Lewis, G.W. Crabtree. Basic Research Needs for Solar Energy 
Utilization, US Department of Energy, 2005, 
<http://www.sc.doe.gov/bes/reports/abstracts.html#SEU > 
[2005Lin5763] Y.B. Lin, Q. Qi, X.F. Tang, Q.J. Zhang, Acta. Metall. Sin. 54 (2005) 
5763−5768. 
[2005Lu106107] Q.M. Lu, J.X. Zhang, X. Zhang, Y.Q. Liu, D.M. Liu, M.L. Zhou, J. Appl. 
Phys. 98 (2005) 106107. 
[2005Mig121301] A. Migliori, J.D. Maynard, Rev. Sci. Instrum. 76 (2005) 121301. 
[2005Puy83712] M. Puyet, A. Dauscher, B. Lenoir, M. Dehmas, C. Stiewe and E. Müller. 
J. Appl. Phys. 97 (2005) 083712. 
[2005Rib912] G. Ribárik, N. Audebrand, H. Palancher, T. Ungár, D. Louër, J. Appl. 
Cryst. 38 (2005) 912−926. 
[2005Shi185503] X. Shi, W. Zhang, L.D. Chen, J. Yang, Phys. Rev. Lett. 95 (2005) 
185503. 
[2005Sta41] G. Staneff, in: High-pressure Synthesis of Thermoelectric Materials, PhD 
thesis, California Institute of Technology, Pasadena, California, 2005, pp. 
41. 
[2005Sun895] Z.M. Sun, H. Hashimoto, N. Keawprak, A.B. Ma, L.F. Li, M.W. B
soum, J. Mater. Res. 20 (2005) 895–903. 
ar-
[2005Yan3966] J.Y. Yang, Y.H. Chen, W. Zhu, S.Q. Bao, J.Y. Peng, X. Fan, J. Phys. D: 
Appl. Phys. 38 (2005) 3966−3969. 
[2005Yu5763] B.L. Yu, Q. Qi, X.F. Tang, Q.J. Zhang, Acta Phys. Sin. 54 (2005) 5763–
5768. 
[2006Bai145] S.Q. Bai, X.Y. Zhao, Y.Z. Pei, L.D. Chen, W.Q. Zhang, Proc. 25th Int. 
Conf. on Thermoelectrics (ICT 2006) IEEE, New York, 2006, pp. 145–
147. 
[2006Bao186] S.Q. Bao, J.Y. Yang, X.L. Song, J.Y. Peng, W. Zhu, X.A. Fan, X.K. 
Duan, Mater. Sci. and Eng. A 438−440 (2006) 186−189.  
[2006Bha1] C.M. Bhandari, in: D.M. Rowe (Ed.), Thermoelectrics Handbook: Macro 
to Nano, CRC Press, Boca Raton, 2006, Chapter 14, pp. 1–15. 
[2006FCT] FCT Systeme GmbH, Betriebsanleitung: Heisspresse(2006) 
[2006He759] T. He, J. Chen, H.D. Rosenfeld, M.A. Subramanian, Chem. Mater. 18 
(2006) 759–762. 
[2006Lac835] R. Lackner, E. Bauer, P. Rogl, Physica B 378–380 (2006) 835–836. 
[2006Nak220] Y. Nakanishi, M. Oikawa, T. Tanizawa, T. Kumagai, M. Yoshizawa, S. 
R. Saha, H. Sugawara, T. Kaneyama, Y. Aoki, H. Sato, Physica B 378–
380 (2006) 220–221. 
[2006Pei221107] Y. Pei, L. Chen, W. Zhang, X. Shi, S. Bai, X. Zhao, Z. Mei, X. Li, Appl. 
Phys. Lett. 89 (2006) 221107. 
[2006Pen7] J.Y. Peng, J.Y. Yang, X.L. Song, Y.H. Chen, T.J. Zhang, J. Alloys 
Compd. 426 (2006) 7−11. 
[2006Puy035126] M. Puyet, B. Lenoir, A. Dauscher, P. Pécheur, C. Bellouard, J. Tobola, J. 
Hejtmanek, Phys. Rev. B 73 (2006) 035126. 
[2006Row] D.M. Rowe, Thermoelectric Handbook Macro to Nano, CRC Press, Boca 
Raton, FL, 2006 (Chapters 9 and 12). 
[2006Row1] D.M. Rowe, Thermoelectric Handbook Macro to Nano, CRC Press, Boca 
Raton, FL, 2006. 
[2006Row34] D.M. Rowe, Thermoelectric Handbook Macro to Nano, CRC Press, Boca 
Raton, FL, 2006 (Chapters 34). 
[2006Row9] D.M. Rowe, Thermoelectric Handbook Macro to Nano, CRC Press, Boca 
Raton, FL, 2006 (Chapters 9 and 12). 
- 135 - 
 [2006Sti678] C. Stiewe, Z. He, D. Platzek, E. Müller, S. Li, M. Toprak, M. Muham-
med, Proc. 25th Int. Conf. on Thermoelectrics (ICT 2006) IEEE, New 
York, 2006, pp. 678–680. 
[2006Val33] R.Z. Valiev, Y. Estrin, Z. Horita, T.G. Langdon, M.J. Zehetbauer, Y. 
Zhu, JOM 58 (4) (2006) 33–39. 
[2006Zha052111] P.C. Zhai, W.Y. Zhao, Y. Li, L.S. Liu, X.F. Tang, Q.J. Zhang, M. Niino, 
Appl. Phys. Lett. 89 (2006) 052111. 
[2006Zha053711] X. Zhao, X. Shi, L. Chen, W. Zhang, W. Zhang, Y. Pei, J. Appl. Phys. 99 
(2006) 053711. 
[2006Zha092121] X.Y. Zhao, X. Shi, L.D. Chen, W.Q. Zhang, S.Q. Bai, Y.Z. Pei, X.Y. Li, 
T. Goto, Appl. Phys. Lett. 89 (2006) 092121. 
[2006Zha112105] W. Zhang, X. Shi, Z. Mei, Y. Xu, L. Chen, J. Yang, G.P. Meisner, Appl. 
Phys. Lett. 89 (2006) 112105. 
[2007Ban89] V.V. Bannikov, I.R. Shein, A.L. Ivanovskii, Phys. Stat. Sol. (RRL) 
1(2007) 89 – 91. 
[2007Dre1043] M.S. Dresselhaus, G. Chen, M.Y. Tang, R.G. Yang, H. Lee, D.Z. Wang, 
Z.F. Ren, J.P. Fleurial, P. Gogna, Adv. Mater. 19 (2007) 1043−1053. 
[2007Fan5727] X.A. Fan, J.Y. Yang, W. Zhu, S.Q. Bao, X.K. Duan, C.J. Xiao, K. Li, J. 
Phys. D: Appl. Phys. 40 (2007) 5727–5732 
[2007Gen022106] H.Y. Geng, S. Ochi, J.Q. Guo, Appl. Phys. Lett. 91 (2007) 022106. 
[2007Gho096002] P. Ghosez, M. Veithen, J. Phys.: Condens. Matter 19 (2007) 096002. 
[2007He053713] Z.M. He, C. Stiewe, D. Platzek, G. Karpinski, E. Müller, S.M. Li, M. 
Toprak, M. Muhammed, J. Appl. Phys. 101 (2007) 053713. 
[2007Hua] J.W. Huang, Central South Univ., Changsha, China, private communica-
tion, 2009. 
[2007Ito249] T. Itoh, K. Ishikawa, A. Okada, J. Mater. Res. Jan. 22 (2007) 249−253. 
[2007Khe195131] R. Khenata, A. Bouhemadou, A.H. Reshak, R. Ahmed, B. Bouhafs, D. 
Rached, Y. Al-Douri, M. Rérat, Phys. Rev. B 75 (2007) 195131.  
[2007Kim2446] I.H. Kim, S.C. Ur, Mater. Lett. 61 (2007) 2446–2450. 
[2007Lac] R. Lackner, The Effect of Substitution and Doping on the Thermoelectric 
Properties of CePd3, PhD Thesis, Technical University of Vienna. May 
2007. 
[2007Li193] H. Li, X. Tang, X. Su, W. Cao, Q. Zhang, Proc. 26th Int. Conf. on Ther-
moelectrics (ICT 2007) IEEE, New York, 2007, pp. 193–196. 
[2007Liu257] K.G. Liu, J.X. Zhang, D. Xiang, J. Mater. Process. Technol. 184 (2007) 
257−260. 
[2007Liu566] W.S. Liu, B.P. Zhang, J.F. Li, L.D. Zhao, J. Phys. D: Appl. Phys. 40 
(2007) 566−572. 
[2007Mal233] R.C. Mallik, J.Y. Jung, V. Damodara Das, S.C. Ur, I.H. Kim, Solid State 
Commun. 141 (2007) 233–237. 
[2007Manu] Instruction manual for Fritsch “pulverisette 4” vario-planetary mill. 
<http://www.fritsch.de/uploads/media/BA_041030_0139_e.pdf > 
[2007Mi16] J.L. Mi, X.B. Zhao, T.J. Zhu, Proc. 26th Int. Conf. on Thermoelectrics 
(ICT 2007) IEEE, New York, 2007, pp. 16–20. 
[2007Nak134411] Y. Nakanishi, T. Kumagai, M. Oikawa, T. Tanizawa, M. Yoshizawa, H. 
Sugawara, H. Sato, Phys. Rev. B 75 (2007) 134411.  
[2007Pei180] Y. Pei, S. Bai, X. Zhao, X. Li, W. Zhang, L. Chen, Proc. 26th Int. Conf. 
on Thermoelectrics (ICT 2007) IEEE, New York, 2007, pp. 180–182. 
[2007Pei621] Y.Z. Pei, L.D. Chen, S.Q. Bai, X.Y. Zhao, X.Y. Li, Scripta Mater. 56 
(2007) 621–624. 
[2007Rec357] C. Recknagel, N. Reinfried, P. Höhn, W. Schnelle, H. Rosner, Yu. Grin, 
A. Leithe-Jasper, Sci. Technol. Adv. Mater. 8 (2007) 357−363. 
[2007Roh1] F. Röhrbacher, Transport and Thermoelectric Performance of Ba8-based 
Clathrates, Diploma thesis in Vienna University of Technology, Feb. 
- 136 - 
 2007. 
[2007Sch139] E. Schafler, M.B. Kerber, Mater. Sci. Eng. A 462 (2007) 139–143. 
[2007Shi103709] X. Shi, L.D. Chen, S.Q. Bai, X.Y. Huang, X.Y. Zhao, Q. Yao, C. Uher, J. 
Appl. Phys. 102 (2007) 103709. 
[2007Shi202] Y. Shinichiro, A. Naoaki, U. Shigeharu, O. Somei, J. Nucl. Mater. 
367−370 (2007) 202−207. 
[2007Shi235208] X. Shi, W. Zhang, L.D. Chen, J. Yang, C. Uher, Phys. Rev. B 75 (2007) 
235208. 
[2007Sun054114] P. Sun, Y. Nakanishi, M. Nakamura, M. Yoshizawa, M. Ohashi, G. 
Oomi, C. Sekine, I. Shirotani, Phys. Rev. B 75 (2007) 054114. 
[2007Yan] B. Yang, Thermoelectric Technology Assessment, Report for Air-
conditioning and Refrigeration Technology Institute INC., May, 2007. 
[2007Yan083702] J. Yang, G.P. Meisner, C.J. Rawn, H. Wang, B.C. Chakoumakos, J. M
tin, G.S. Nolas, J. Appl. Phys. 102 (2007) 083702. 
ar-
ouhe-
[2007Yan192111] J. Yang, W. Zhang, S.Q. Bai, Z. Mei, L.D. Chen, Appl. Phys. Lett. 90 
(2007) 192111. 
[2007Zha113708] W.Y. Zhao, C.L. Dong, P. Wei, W. Guan, L.S. Liu, P.C. Zhai,. X.F. 
Tang, Q.J. Zhang, J. Appl. Phys. 102 (2007) 113708. 
[2008Alb113707] P.N. Alboni, X. Ji, J. He, N. Gothard, Terry M. Tritt, J. Appl. Phys. 103 
(2008) 113707. 
[2008Ben1022] S. Benalia, M. Ameri, D. Rached, R. Khenata, M. Rabah, A. B
madou, Comp. Mater. Sci. 43 (2008) 1022–1026. 
[2008BMW] Conceptual design of thermoelectric generator producing electricity from 
waste heat in the engine exhaust (BMW), in: 
http://www.heat2power.net/en__benchmark.php. 
[2008Cen012010] S. Cenedese, L. Bertini, C. Gatti, J. Phys.: Conf. Ser. 117 (2008) 012010. 
[2008Chu261904] H.Y. Chung, M.B. Weinberger, J.M. Yang, S.H. Tolbert, R.B. Kaner, 
Appl. Phys. Lett. 92 (2008) 261904.  
[2008Fan9] X.A. Fan, J.Y. Yang, W. Zhua, S.Q. Bao, X.K. Duan, C.J. Xiao, K. Li. J. 
Alloys Compd. 461 (2008) 9–13. 
[2008God403] C. Godart, E.B. Lopes, A.P. Gonçalves, Acta Phys. Pol. A 113 (2008) 
403–406. 
[2008He042108] Q. He, S. Hu, X. Tang, Y. Lan, J. Yang, X. Wang, Z. Ren, Q. Hao, G. 
Chen, Appl. Phys. Lett. 93 (2008) 042108. 
[2008Her554] J.P. Heremans, V. Jovovic, E.S. Toberer, et al. Science 321 (2008) 554–
557. 
[2008Ish887] I. Ishii, H. Higaki, S. Morit, I. Morib, H. Sugawara, M. Yoshizawa, T. 
Suzuki,  Physica B 403 (2008) 887–889. 
[2008Koz805] M.M. Koza, M.R. Johnson, R. Viennois, H. Mutka, L. Girard, D. Ravot, 
Nature Mater. 7 (2008) 805710. 
[2008Li202114] H. Li, X.F. Tang, X.L. Su, Q.J. Zhang, Appl. Phys. Lett. 92 (2008) 
202114. 
[2008Li252109] H. Li, X.F. Tang, Q.J. Zhang, C. Uher, Appl. Phys. Lett. 93 (2008) 
252109. 
[2008Liu415] L. Liu, S. Sun, Q. Zhang, P. Zhai, J. Wuhan Univ. Technol. 23 (2008) 
415–418. 
[2008Mei045202] Z.G. Mei, J. Yang, Y.Z. Pei, W. Zhang, L.D. Chen, Phys. Rev. B 77 
(2008) 045202. 
[2008Mi205403] J.L. Mi, X.B. Zhao, T.J. Zhu, J.P. Tu, J. Phys. D: Appl. Phys. 41 (2008) 
205403. 
[2008Mi225] J.L. Mi, X.B. Zhao, T.J. Zhu, J. Ma, J. Alloys Compd. 452 (2008) 
225−229. 
[2008Pou634] B. Poudel, Q. Hao, Y. Ma, et al. Science 320 (2008) 634–638. 
[2008Rav656] V. Ravi, S. Firdosy, T. Caillat, B. Lerch, A. Calamino, R. Pawlik, M. 
Nathal, A. Sechrist, J. Buchhalter, S. Nutt, American Institute of Physics 
- 137 - 
 (AIP) Conf. Proc. 969 (2008) 656–662.  
[2008Sch094421] W. Schnelle, A. Leithe-Jasper, H. Rosner, R. Cardoso-Gi, R. Gumeniuk, 
D. Trots, J.A. Mydosh, Y. Grin, Phys. Rev. B 77 (2008) 094421. 
[2008Shi182101] X. Shi, H. Kong, C.P. Li, C. Uher, J. Yang, J.R. Salvador, H. Wang, L. 
Chen, W. Zhang, Appl. Phys. Lett. 92 (2008) 182101. 
[2008Sny105] G.J. Snyder, E.S. Toberer, Nature Mater. 7 (2008) 105−114. 
[2008Uhe1044] C. Uher, X. Shi, H. Kong, Mat. Res. Soc. Symp. Proc. 1044 (2008) 1044-
U05-09. 
[2008ULV] User Manual of ULVAC, ZEM 3 (2008) 
[2008Vin765] C. B. Vining, Nat. Mater. 7 (2008) 765–766. 
[2008Zha7470] X. Zhao, X. Li, L. Chen, Y. Pei, S. Bai, X. Shi, T. Goto, Jpn. J. Appl. 
Phys. 47 (2008) 7470–7473. 
[2009Ash1089] M. Ashida, T. Hamachiyo, K. Hasezaki, H. Matsunoshita, M. Kai and Z. 
Horita, J. Phys. Chem. Solids 70 (2009) 1089–1092. 
[2009Bai3135] S.Q. Bai, Y.Z. Pei, L.D. Chen, W.Q. Zhang, X.Y. Zhao, J. Yang, J. Acta 
Mater. 57 (2009) 3135−3139. 
[2009Ben622] S. Benalia, M. Hachemaoui, D. Rached, R. Khenata, N. Bettahar, M. 
Benyahia, J. Phys. Chem. Solids 70 (2009) 622–626. 
[2009Den2139] L. Deng, H.A. Ma, T.C. Su, F.R. Yu, Y.J. Tian, Y.P. Jiang, N. Dong, S.Z. 
Zheng, X. Jia, Mater. Lett. 63 (2009) 2139–2141. 
[2009Ham1592] T. Hamachiyo, M. Ashida, K. Hasezaki, H. Matsunoshita, M. Kai, Z. 
Horita, Mater. Trans. 50 (2009) 1592–1595. 
[2009Hub] Guinier Imaging Plate Camera G670 Instruction Manual, HUBER D
fraktionstechnik GmbH & Co. KG Sommerstrasse 4 D-83253 Rim
H. Li, X.F.
if-
sting. 
[2009Li102114]  Tang, Q.J. Zhang, C. Uher, Appl. Phys. Lett. 94 (2009) 
[2009Li105408] ang, H.H. Hng, Q.Y. Yan, J. Ma, T.J. Zhu, X.B. Zhao, J. Phys. 
[2009Li145409] ng, C. Uher, J. Phys. D: Appl. Phys. 
[2009Mei1194] , M. Li, P. Zhai, J. Electron. Mater. 38 (2009) 1194–
[2009Rog1] l, A. Grytsiv, E. Bauer, P. Rogl, M. Zehetbauer, Intermetallics at 
[2009Rog2] ehetbauer, Intermetallics at 
[2009Rog3] Rajs, H. Müller, E. Bauer ,        
[2009Shi930]  J.R. Salvador, J. Yang, H. Wang, J. Electron. Mater. 38 (2009) 
[2009Vin83] ng. Nature 8 (2009) 83–85. 
] ang, Appl. Phys. A–Mater. 97 
[2009Web2] edia.org/wiki/Scanning_electron_microscope 
als, WILEY-
[2009Zha3713] . Am. Chem. 
 
102114.  
D. Li, K. Y
D: Appl. Phys. 42 (2009) 105408. 
H. Li, X.F. Tang, X.L. Su, Q.J. Zha
42 (2009) 145409. 
C. Mei, Y. Li, G. Li
1199. 
G. Rog
press, doi:10.1016/j.intermet.2009.08.010. 
G. Rogl, A. Grytsiv, E. Bauer, P. Rogl, M. Z
press, doi:10.1016/j.intermet.2009.06.005. 
G. Rogl, L. Zhang, P. Rogl, A. Grytsiv,  D. 
J. Koppensteiner,  W. Schranz, M. Zehetbauer, submitted to J. Appl. 
Phys. 
X. Shi,
930–933. 
C.B. Vinni
[2009Wan841 L. Wang, K. Cai, Y. Wang, H. Li, H. W
(2009) 841–845. 
In: http://en.wikip
[2009Web1] In: http://thermoelectrics.caltech.edu/demos_page.htm. 
[2009Zeh] M.J. Zehetbauer, Y.T. Zhu, Bulk Nanostructured Materi
VCH Verlag GmbH & Co, Weinheim, Germany, 2009. 
W. Zhao, P. Wei, Q. Zhang, C. Dong, L. Liu, X. Tang, J
Soc. 131 (2009) 3713–3720. 
- 138 - 
 Publications 
 
1. MmFe4Sb12- and CoSb3-based nano-skutterudites prepared by ball milling: kinetics of for-
mation and transport properties 
L. Zhang, A. Grytsiv, M. Kerber, P. Rogl, E. Bauer, M.J. Zehetbauer, J.Wosik, G.E. Nauer, J. 
Alloys Compd. 481 (2009) 106–115. 
 
2. Thermoelectric performance of mischmetal skutterudites MmyFe4−xCoxSb12 at elevated tem-
peratures 
L. Zhang, A. Grytsiv, M. Kerber, P. Rogl, E. Bauer, M.J. Zehetbauer, J. Alloys Compd. at 
press doi:10.1016/j.jallcom.2009.10.033. 
 
3. High thermoelectric performance of triple-filled n-type skutterudites (Sr,Ba,Yb)yCo4Sb12 
L. Zhang, A. Grytsiv, P. Rogl, E. Bauer, and M.J. Zehetbauer, J. Phys. D: Appl. Phys. 42 
(2009) 225405. 
 
4. Filling-ratio and filler element-dependent thermoelectric properties and the influence of Ni-
substitution on multifilled cobalt antimonide 
L. Zhang, N. Melnychenko-Koblyuk, E. Royanian, A. Grytsiv, P. Rogl, E. Bauer, submitted. 
 
5. Impact of High Pressure Torsion on the microstructure and physical properties of 
Pr0.67Fe3CoSb12, Pr0.71Fe3.5Ni0.5Sb12, and Ba0.06Co4Sb12 
L. Zhang, A. Grytsiv, B. Bonarski, M. Kerber, D. Setman, E. Schafler, P. Rogl, E. Bauer, G. 
Hilscher, M. Zehetbauer, submitted. 
 
6. Mechanical properties of filled antimonide skutterudites 
L. Zhang, G. Rogl, A. Grytsiv, S. Puchegger, J. Koppensteiner, F. Spieckermann, H. Kabelka, 
M. Reinecker, P. Rogl, W. Schranz, M. Zehetbauer, M.A. Carpenter, submitted. 
 
- 139 - 
 7. Grain size and density influence on thermoelectric properties of CePd3 
L. Zhang, A. Grytsiv, R. Lackner, M. Ikeda, P. Rogl, E. Bauer, submitted. 
 
8. Thermal Expansion of Skutterudites 
G. Rogl, L. Zhang, P. Rogl, A. Grytsiv, D. Rajs, H. Müller, E. Bauer, J. Koppensteiner, W. Schranz, M. 
Zehetbauer, accepted by J. Appl. Phys. 
- 140 - 
 Acknowledgements 
I would like to express my sincere gratitude to my advisor Prof. Peter F. Rogl for giving me 
the opportunity to study at University of Vienna, for instructing me academically, for inspiring 
my thinking, and for his full support throughout the PhD program. I also thank his wife, Gerda 
Rogl, who kindly introduced us to the German language and helped us to get acquainted with 
Viennese lifestyle. 
I am especially grateful to Dr. Andrij Grytsiv for his guidance and discussions not only con-
cerning my research but also for teaching me the use of evaluation software and experimental 
facilities. His knowledge and know-how guided me on my scientific road. 
I also would like to express my sincere acknowledgments to my co-supervisors Prof. Ernst 
Bauer and Prof. Michael Zehetbauer. Prof. Bauer, from the Vienna University of Technology, 
kindly provided access to all his physical instruments and led me on the way to enjoy the 
physical sky. Prof. Zehetbauer, group speaker of the Physics of Nanostructured Materials, 
patiently instructed me in materials physics, particularly in high-pressure torsion and X-ray 
profile broadening analysis. 
I thank Michael Kerber for the great help in X-ray profile broadening analysis and the course 
in Budapest as well as many other aspects of my life in Vienna. I would like to thank Johannes 
Koppensteiner not only for the RUS measurements at the University of Cambridge and the 
high temperature thermal expansion measurements but also for important discussions on elas-
tic properties; I thank Dr. Stephan Puchegger and Dr. Heinz Kabelka for elastic measurements, 
Martin Kriegisch for low temperature thermal expansion measurements, Florian Spieckermann 
for compression tests, Marius Reinecker for viscous measurements, Jelena Horky and Martina 
Rohrer for the help in hardness tests. I also thank Bartlomiej Bonarski, Dr. Erhard Schafler, 
and Daria Setman for HPT preparations, Prof. J. Wosik, Prof. G. E. Nauer, and Dr. Ningxin 
Zhang in CEST-ECHEM for SEM measurements. 
I am grateful to Prof. Wilfried Schranz for the arrangement of DMA and pulse echo measure-
ments and useful discussions on mechanical properties and Prof. Michael Carpenter for provid-
ing the RUS measurements in the University of Cambridge. I also thank Prof. Gerfried Hil-
scher for magnetic measurements. 
Dr. Robert Lackner I want to thank for preparing the CePd3; Matthias Ikeda and Esmaeil Roy-
anian for their help with the thermal conductivity measurements at low temperatures. 
I appreciate the help of Dr. Kerber, providing me with a very nice and cheap apartment. They 
are so warm-hearted. 
I would like to thank all my colleagues in Prof. Rogl´s group, Prof. Bauer´s group, as well as 
in the Initiative College “Experimental Materials Science - Nanostructured Materials”, as well 
as my friends, who helped me a lot and added more fun to my life. I had an unforgettable 
happy time with them. 
I very gratefully acknowledge financial support within the PhD colleg I-022 ‘Experimental 
Materials Science—Nanostructured Materials’ and within the focus project ‘Bulk Nanostruc-
tured Materials’, both granted by the University of Vienna. 
  
I dedicate this thesis to my mother, her I owe the most. 
- 141 - 
 Curriculum Vitae 
 
Mr. Long Zhang, born in Pingnan, Fujian Province, P. R. China, on Jan. 8 1980. 
 
2004.7−2006.10, senior associate engineer, Semiconductor Manufacturing International Cor-
poration. 
 
2001.9 − 2004.6, Mater, Institute of Materials Science, Beijing Univ. of Technology,  
 
1997.9 − 2001.7, Bachelor, Institute of Materials Science and engineering, Taiyuan Univ. of 
Science and Technology 
 
1994.9 − 1997,7, High school, Pingnan NO. 1 High School. 
 
1991.9 − 1994,7, Junior middle school, Pingnan NO. 1 High School. 
 
1985.9-1991.7 Primary school in Pingnan 
- 142 - 
